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ABSTRACT 
In recent years, numerous building fires have occurred in Finland where the fire 
started due to the ignition of flammable materials in the vicinity of metal chimney 
penetrations through floors, roofs and walls. In 2012, metal chimneys caused over 
70% of all chimney-induced fires in residential buildings in Finland. The safety issue 
with metal chimneys is important, as they represent only 10% of all chimneys in 
Finland. To improve the fire safety of metal chimneys, an extensive research 
programme was conducted at the TUT Fire Laboratory of Tampere University of 
Technology (currently known as Tampere University) between 2010 and 2016. The 
study was mainly experimental. A series of laboratory and field tests were performed 
in order to determine the flue gas temperatures of fireplaces to be used in designing 
chimneys. The effect of the installation of metal chimneys and the effect of the 
smouldering combustion of the organic content of mineral wool on fire safety were 
studied using laboratory tests. 
Several reasons for chimney penetration-induced fires have been identified: 
higher actual flue gas temperatures onsite than those assumed in chimney design, 
incomplete or insufficient chimney installations and the smouldering combustion of 
mineral wool insulation. Fireplaces and chimneys are tested in accordance with EN 
standards. The standard tests are conducted in predefined laboratory conditions. The 
actual conditions onsite may be very different from these laboratory conditions. Site 
conditions vary, for example due to fuel type and chimney-draught conditions, which 
depend on site conditions, time, draught controls and the chimney length and 
installation. Regardless of this variation in conditions, chimney design based on EN 
standard tests should lead to a fire-safe solution.  
The flue gas temperature given on the CE marking of a fireplace may not always 
lead to a safe solution and should therefore not be used in designing a chimney. In 
the laboratory tests, the highest flue gas temperatures of the tested fireplaces 
measured in the temperature safety test were 124°C to 381°C higher than those given 
on the CE marking. In some field tests, the flue gas temperatures and chimney 
draught levels exceeded significantly those of the standard laboratory tests. The 
mean flue gas temperatures measured during the room heater and sauna stove tests 
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were approximately 100°C higher than the flue gas temperatures given by the 
manufacturers in the CE marking of the fireplaces. 
The study highlighted the differences between the conditions in real installations 
and those in the thermal performance tests prescribed by the standard for the 
certification of chimneys. It showed that the temperatures measured in the tests 
performed according to the standard can be lower than the temperatures that may 
occur in real installations. The standard’s weaknesses concern the position of the 
chimney in the test structure and the hot gas measurement point in the tests. For 
chimney testing, hot gas can drop by over 150°C in temperature between the 
standard measurement point and the chimney penetration, so the chimney may be 
tested at too low a flue gas temperature. The highest risk is in the chimney thermal 
shock test as, in a soot fire, burning can occur just at the chimney penetration. The 
test results show that the flue gas temperature at the roof penetration may be 350°C 
lower than the test temperature. The position of the chimney in the test structure, in 
a corner of the roof and near two walls does not represent the worst condition in 
which a chimney may operate. In real installations, chimneys are usually completely 
surrounded by a roof that offers lower thermal conductivity than the walls of the 
test structure. In the test, the temperatures measured at the roof insulation were 
about 60°C higher than those measured on the walls.  
The temperature in the chimney’s roof penetration is affected by the smouldering 
combustion of mineral wool binder. Smouldering combustion generates additional 
heat in the penetration structure, which in turn increases the temperature of both 
the penetration insulation and the surrounding floor and roof structures. 
Experiments on mineral wool specimens show that smouldering combustion can 
increase the insulation temperature by hundreds of degrees, which in turn can 
increase the temperatures of the combustible roof construction materials located 
adjacent to the chimney penetration by over 100°C for a limited period of time.  
Several factors that can increase the temperatures in the chimney penetration 
were identified in this research. It has also been shown that the simultaneous action 
of several factors is also possible, which can increase the penetration temperatures 
to the level of the ignition temperature. The study presents a number of methods 
for increasing the reliability of current EN standard tests and thereby improving the 
fire safety of metal chimneys.    
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TIIVISTELMÄ 
Viime vuosina Suomessa on tapahtunut lukuisia rakennuspaloja, jotka ovat 
saaneet alkunsa metallisavupiippujen läpivienneistä välipohjien, kattojen ja seinien 
läpi. Vuonna 2012 metallisavupiiput aiheuttivat yli 70% kaikista savupiippujen 
aiheuttamista tulipaloista asuinrakennuksissa Suomessa. Metallisavupiippujen 
aiheuttamat tulipalot ovat merkittävä ongelma, koska metallisavupiippujen osuus 
kaikista savupiippuista Suomessa on vain 10%. Metallisavupiippujen 
paloturvallisuuden parantamiseksi tehtiin laaja tutkimusohjelma vuosina 2010-2016 
Tampereen teknillisen yliopiston palolaboratoriossa (nykyään Tampereen yliopisto). 
Tutkimukset olivat pääasiassa kokeellisia. Laboratorio- ja kenttäkokeita suoritettiin 
savupiippujen suunnittelua varten käytettävän tulisijojen savukaasulämpötilan 
määrittämiseksi. Lisäksi laboratoriokokeilla tutkittiin metallisavupiipun asennustavan 
ja mineraalivillan sisältämän orgaanisen aineen palamisen vaikutusta 
metallisavupiipun paloturvallisuuteen. 
Savupiipun läpiviennistä aiheutuneisiin paloihin tunnistettiin useita syitä: 
todelliset savukaasujen lämpötilat ovat korkeammat kuin savupiippujen 
suunnittelussa oletetaan, savupiipun virheellinen tai riittämätön asennustapa ja 
mineraalivillaeristeessä tapahtuva kytöpalo. Tulisijat ja savupiiput testataan EN-
standardien mukaisesti. Standardikokeet suoritetaan ennalta määritellyissä 
laboratorio-olosuhteissa. Todelliset olosuhteet paikan päällä voivat olla hyvin erilaisia 
kuin nämä laboratorio-olosuhteet. Käyttöolosuhteet vaihtelevat, esimerkiksi 
polttoainetyypin ja savupiipun veto-olosuhteiden vuoksi, joka puolestaan riippuu 
rakennuksen sijainnista, tulisijan käyttöajasta, tulisijan säädöistä sekä savupiipun 
pituudesta ja savupiipun asennustavasta. Näistä olosuhteiden vaihtelusta huolimatta, 
EN-standardikokeisiin perustuvan savupiipun suunnittelun tulisi johtaa 
paloturvallisiin ratkaisuihin. 
Tulisijan CE-merkinnässä ilmoitettu savukaasujen lämpötila ei välttämättä aina 
johda turvalliseen ratkaisuun, joten sitä ei pidä käyttää savupiipun suunnitteluun. 
Laboratoriokokeissa olleiden tulisijojen korkeimmat savukaasujen lämpötilat 
lämpötilaturvallisuuskokeessa olivat 124°C - 381°C korkeammat kuin CE-
merkinnässä ilmoitetut savukaasujen lämpötilat. Joissakin kenttätesteissä 
savukaasujen lämpötilat ja savupiipun veto ylittivät huomattavasti standardikokeiden 
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arvot. Kenttäkokeissa kamiinojen ja kiukaan savukaasujen keskimääräiset lämpötilat 
olivat noin 100°C korkeammat kuin savukaasujen lämpötilat, jotka valmistajat olivat 
ilmoittaneet tulisijan CE-merkinnässä. 
Tutkimuksessa havaittiin eroja metallisavupiippujen todellisten asennustapojen ja 
standardin mukaisten kokeiden olosuhteissa. Standardikokeissa mitatut lämpötilat 
voivat olla matalampia kuin lämpötilat todellisissa asennuksissa. Standardissa on 
puutteita koskien savupiipun asemaa testirakenteessa ja kuuman kaasun 
mittauspisteen sijaintia testissä. Savupiipun testauksessa kuuman kaasun lämpötila 
voi jäähtyä yli 150°C standardin mukaisen mittauspisteen ja savupiipun läpiviennin 
välillä, joten savupiippu voidaan testata liian matalalla savukaasulämpötilalla. 
Suurimman riskin aiheuttaa savupiipun nokipalo, koska nokipalossa palaminen voi 
tapahtua savupiipun läpiviennin kohdalla. Koetulokset osoittavat, että 
nokipalokokeessa kuuman kaasun lämpötila savupiipun läpiviennissä voi olla 350°C 
matalampi kuin testilämpötila. Savupiipun standardin mukainen testaustapa nurkassa 
lähellä kahta seinää ei edusta pahinta mahdollista savupiipun asennustapaa. 
Todellisissa asennuksissa savupiiput ovat yleensä täysin yläpohjaeristeen 
ympäröimiä. Yläpohjaeristeen lämmönjohtavuus on alhaisempi kuin testirakenteen 
seinien. Kokeissa yläpohjaeristeen kohdalta mitatut lämpötilat olivat noin 60°C 
korkeampia kuin standardin mukaisista kohdista seinistä mitatut lämpötilat. 
Mineraalivillan orgaanisen aineen kytevä palaminen vaikuttaa savupiipun 
läpiviennin lämpötilaan. Kytevä palaminen tuottaa lisälämpöä läpivientirakenteeseen, 
mikä puolestaan nostaa sekä läpivientieristeen että ympäröivien välipohja- ja 
kattorakenteiden lämpötiloja. Mineraalivillaeristeille tehdyt kokeet osoittivat, että 
kytevä palaminen voi nostaa läpivientieristeen lämpötilaa sadoilla asteilla, mikä 
puolestaan voi nostaa rakennusmateriaalien lämpötiloja savupiipun läpiviennissä 
hetkellisesti yli 100°C. 
Tässä tutkimuksessa tunnistettiin monia tekijöitä, jotka voivat nostaa lämpötiloja 
savupiipun läpiviennissä. Myös monien tekijöiden vaikuttaminen samanaikaisesti on 
mahdollista, mikä voi nostaa lämpötilat savupiipun läpiviennissä syttymislämpötilan 
tasolle. Tutkimuksessa esitetään monia tapoja nykyisten EN-standarditestien 
turvallisuustason lisäämiseksi ja siten metallisavupiippujen paloturvallisuuden 
parantamiseksi. 
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TERMINOLOGY 
Block chimney  A chimney that has been made from concrete flue 
blocks, for example. The flue blocks may be of 
single- or multi-wall construction. 
Burning rate performance test A test of slow heat release appliance corresponding 
to the nominal heat output test of other fireplace 
types 
CE marking  The manufacturer's declaration that the product 
meets the requirements of the applicable EC 
directives 
Chimney Structure consisting of a wall or walls enclosing a 
flue or flues. 
Chimney draught The pressure difference between the chimney and 
the outside air that causes the flue gases to move in 
the chimney. 
Euro-class A1 The highest class (non-combustible) of fire safety in 
construction products, determined in accordance 
with harmonised testing methods. 
Firebox    The part of the appliance in which the fuel is burned 
Flue  Passage for conveying the products of combustion 
to the outside atmosphere 
Flue draught    See: Chimney draught. 
Flue gas  Combustion gases and smoke from combustion 
which exit via a flue. It consists of nitrogen, carbon 
 xii 
dioxide, water vapour, oxygen, particulate matter 
(like soot), carbon monoxide, nitrogen oxides, 
sulphur oxides, and so on. 
Flue gas connector  Duct through which flue gases are conveyed from 
the appliance into the chimney flue 
Heat stress test    Test from the thermal resistance of a chimney 
Hot gas (chimney testing)  The gas used for testing the chimneys and produced 
by the hot gas generator 
Inset appliance  Appliance with or without doors designed to be 
installed in a fireplace recess or an enclosure, or into 
the firebox of an open fire. 
Masonry chimney   Chimney built of brick or stone 
Mean flue gas temperature  Average temperature of the flue gas at a specified 
point in the measurement section 
Metal chimney  Chimney with its flue liner made of metal, which 
may have additional surrounding structural 
elements and accessories, as well as insulation 
Negative pressure chimney  Chimney designed to operate with the pressure 
inside the flue less than the pressure outside it 
Nominal heat output test  Test of total heat output of the fireplace quoted by 
the manufacturer and achieved under defined test 
conditions when burning the specified test fuel 
Nominal working temperature  Average flue gas temperature obtained during the 
nominal output test for the maximum temperature 
level 
Positive pressure chimney  Chimney designed to operate with the pressure 
inside the flue greater than the pressure outside it 
 xiii 
Room heater  Appliance with a fully enclosed firebox with a 
firedoor/doors that are normally closed, which 
distributes heat by radiation and/or convection and 
also provides hot water when fitted with a boiler. 
Safety distance  The distance of the outer surface of the 
chimney/fireplace to combustible material 
Sauna stove  A stove that has a fully enclosed firebox with a 
firedoor that is normally closed, which distributes 
heat by radiation and/or convection and is also 
fitted with stones or other heat retaining material 
onto which water is poured to produce hot 
steam/vapour that rises from the hot sauna stones. 
Slow heat release appliance  Intermittent burning appliance with thermal storage 
capacity to accumulate heat into its mass such that 
it provides heat for a period of hours, specified by 
the manufacturer, after the fire has gone out 
Smouldering combustion  Self-sustained combustion in porous materials 
without a flame. 
Soot fire  Combustion of the flammable residue deposited on 
the flue liner 
Temperature class  Gives the nominal working temperature of a 
chimney 
Temperature safety test  A test whereby a safety distance is measured 
between the fireplace and the combustible material 
Thermal shock test  A test of the resistance of the soot fire of the 
chimney 
Trihedron  A test corner used for testing room heaters and 
slow heat release appliances 
 xiv 
ABBREVIATIONS 
CE Certification mark that indicates conformity standards for 
products sold within the European market 
EN European Standard 
EPS Expanded polystyrene 
FprEN Final draft of the EN standard 
PIR Polyisocyanurate  
prEN Draft of the EN standard 
PUR Polyurethane 
SFS Finnish Standards Association 
XPS  Extruded polystyrene  
T600 Temperature class of chimney where the number is the 
working temperature 
  
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1 INTRODUCTION 
The principal aims of fire precautions are to safeguard life and property. These aims 
can be influenced in three ways: 1. Reducing fire incidence, 2. Controlling fire 
propagation and spread, 3. Providing adequate means of escape for occupants of 
buildings [Shields et al. 1987]. A fire that never happens causes no loss. Fire 
precautions can be divided into fire prevention and fire protection. Fire prevention 
is to prevent the outbreak of a fire and/or to limits its effects. Fire protection is to 
reduce danger to people and property by detecting, extinguishing or containing fires. 
Fire protection can be divided into passive and active fire protection. Passive fire 
protection attempts to contain fires or slow the spread, such as by fire-resistant walls, 
floors and doors. Active fire protection is the fire detection devices and fire 
extinguishing devices [Read et al. 1993]. 
Heating appliances are among the most prevalent causes of fire because they 
operate at temperatures above the ignition temperature of many common materials. 
In addition, combustion-type appliances may involve the hazards of an accumulated 
combustible mixture, the discharge of unburned fuel and exposure of fuel to ignition 
sources [Fire Protection Handbook]. In the Middle Ages, fireplaces did not have 
chimneys, so smoke and hot gases were extracted through walls and straw was used 
as the floor covering. In this environment, the fire risk was obvious, so all fires were 
required to be extinguished at night in 1189 in London. In the 14th century, 
fireplaces were equipped with chimneys made of hollowed out logs, which made the 
situation even worse, so log chimneys were forbidden in the 15th century [Read et 
al. 1993]. The first requirements for chimneys in Great Britain were introduced in 
the 1774 fire regulations [Shields et al. 1987]. These regulations specified the 
minimum thicknesses for chimney walls. 
A heating system consists of a fireplace and a chimney. A typical fireplace is 
shown in Figure 1.1 a). In a fireplace, wood or other fuel burns and produces flue 
gas. Flue gases move out through chimney. Chimney types can be masonry, block 
or metal. A metal chimney is composed of a metallic inner tube, an insulating layer 
and a metallic outer tube. A cross-section of a metal chimney is shown in Figure 1.1 
b). Metal chimneys are usually built from the chimney modules and collar plate joint 
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modules. A chimney module is shown in Figure 1.1 c). There is usually penetration 
insulation around the chimney in the roof penetration. An example of penetration 
insulation is shown in Figure 1.1 d). A cross-section of a metal chimney penetration 
is shown in Figure 1.1 e). 
 
Figure 1.1  a) Fireplace b) Cross-section of a metal chimney c) Chimney module 
d) Penetration insulation e) Cross-section of penetration of metal chimney. 
According to reports [Törmänen 2005, Saarnivuo 2005] for 2002–2004, about 500 
fires break out in fireplaces and chimneys in Finland every year. This is 14-15% of 
all building fires in Finland. The number of the fires has increased so that, in every 
year between 2008 and 2014, 700–900 fires involved fireplaces and chimneys [Kokki 
et al. 2013, Ketola et al. 2014 and 2015]. In addition, 300-400 soot fires were ignited 
every year. Soot fire is a situation where the flammable residue deposited on the 
chimney flue liner burns rising the exhaust gas temperature. 
A roof safety survey by chimney sweeps in 2011 revealed that metal chimneys 
accounted for about 6% of the all chimneys [Murtokare 2012]. The survey covered 
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1,047 buildings in different parts of Finland. A survey was also carried out in which 
25 chimney sweeps from different parts of Finland were asked about the prevalence 
in metal chimneys [Article I]. Due to the small sample, the results were only 
indicative. The results of the survey are shown in Table 1.1. The high variation in 
the 2000s and 2010s may be because, in some of the areas, most of the buildings are 
new constructions and, in other areas, very few new buildings have been built. In 
new buildings, metal and block chimneys are more frequent. Typical chimney types 
in Finland are shown in Figure 1.2. 
Table 1.1  Percentages of different chimney types of all the chimneys in the residential 
buildings of the entire building stock in Finland at different times [Article I]. 
 
a)  b)   c)  
Figure 1.2 Different chimney types in Finland: a) Masonry chimney b) Block chimney c) Metal 
chimney. 
Hakala et al [2014] investigated the database of the Finnish rescue services about 
fires caused by fireplaces and chimneys in 2012. The results showed that 36% of the 
fires were started in fireplaces and 64% in chimneys. Of the fires started in chimneys, 
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73% involved metal chimneys. The number of fires started in metal chimneys can 
be considered significant and alarming, as approximately 10% of chimneys caused 
over 70% of all chimney-induced fires. The indication is clear even if the samples of 
the survey are small and can be biased. The problem is made even more significant 
by the fact that all metal chimneys in Finland are relatively new. Fire safety problems 
with brick masonry chimneys are mainly due to degradation with age. Similar fire 
safety problems have also been reported in other European countries. In the Italian 
province of Brescia, about 300 fireplace- and chimney-induced fires occurred in 2007 
[Buffo et al.]. Many of these fires in Finland and Italy started from the chimney-roof 
penetrations of metal chimneys. According to Leppänen [2010], metal chimneys 
caused about 500 building fires in Finland between 2004 and 2009. 
In the chimney flue there is a high temperature, which may come from the 
fireplace or soot fire. The heat in the chimney is transferred through the chimney 
structure to the materials and structures surrounding the chimney penetration. The 
temperature rise in the surrounding structure depends on the temperature of the flue 
gas and the duration of the exposure. There is often combustible material around 
the chimney penetration. The building materials used in ceilings and roofs consist 
typically of wool insulation, plastic insulation, wood, wood-based materials and 
different roofing materials. Hot flue gases expose the chimney construction to heat, 
which increases the temperature of the chimney and the structures adjacent to it. An 
example of the temperatures at the penetration of the chimney is shown in Figure 
1.3 a). Ignition from the penetration of a metal chimney is shown in Figure 1.3 b). A 
chimney roof penetration after fire is shown in Figure 1.3 c). 
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a) b)   c)  
Figure 1.3   a) An example of the temperatures at the penetration of the chimney. The 
chimney locates in the middle of the figure. On the left side of the chimney is an 
insulation layer 200 mm thick and on the right side the insulation thickness is 
600 mm. The temperatures are based on experimental measurement results. 
b) Ignition from the penetration of the metal chimney. c) Chimney roof penetration 
after fire. 
1.1 Fireplaces 
Wood-burning fireplaces’ flue gas temperature varies by hundreds of degrees during 
heating. The temperature of flue gases depends on many factors such as the fireplace, 
chimney, firewood, chimney draught and how the fireplace is used. The duration of 
heat mainly depends on the user. In soot fire, a deposit of soot on the chimney’s 
inner surface ignites. In soot fire, gas temperatures are usual higher than the flue gas 
temperatures of fireplaces. In that case, the chimney will experience high 
temperatures. 
1.1.1 Combustion and flue gas temperatures 
The combustion of wood can be divided into three phases: (1) evaporation of 
moisture, (2) disintegration of the fuel due to temperature, i.e. pyrolysis, and (3) 
burning of the residual coke. The evaporation of moisture and pyrolysis are heat-
consuming phases. The combustion of pyrolytic gases and residual coke are heat-
generating phases. If the particle size of fuel is large, the phases occur simultaneously. 
The pyrolysis of wood takes place between 200°C and 500°C [Koistinen et al. 1986]. 
The share of volatile substances in air-dry wood is about 85%, so wood burns with 
a long flame. During combustion, the temperature of the flame is affected by such 
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factors as the moisture in the wood and the amount of excess air. Wood flames emit 
relatively strong radiation as their water vapour and CO2 contents are high and they 
contain glowing carbon particles [Vuorelainen 1958].  
The flue gas temperatures of fireplaces were measured in a laboratory study by 
Peacock [1987;1]. The study included 18 typical commercial fireplaces in the USA. 
The flue gas temperatures of the tested fireplaces are presented in Table 1.2. In 
Peacock’s laboratory tests [1987;2], the highest flue gas temperatures in normal 
heating with wood as fuel varied between 426°C and 519°C, in overheating between 
574°C and 855°C, and with coal as fuel between 327°C and 625°C. Hansen et al. 
[1997] studied damage to block chimneys. Their tests simulated possible intense 
heating. In intense heating, the highest flue gas temperature at the flue-gas connector 
exceeded 900°C. In Inha's experiments for sauna stoves, similar flue gas 
temperatures were also measured [Inha et al. 2011]. These studies did not precisely 
specify the methods for testing the fireplaces. 
Table 1.2  Flue gas temperatures of fireplaces in Peacock's tests [1987;1]. 
 
As the above results show, the possibility of flue gas temperatures exceeding 600°C 
cannot be excluded, especially under continuous intense heating. However, the 
highest temperature class of chimneys is T600, which is designed for a maximum 
flue gas temperature of 600°C [EN 1443:2003]. Flue gas temperatures higher than 
those measured in tests are particularly problematic in metal chimneys because of 
their lightness. The exterior temperatures of masonry and block chimneys rise slowly 
because they retain more heat. The density of brick is ten times greater than the 
insulation used in metal chimneys. Because of this, fire risk can already arise over a 
shorter heating period. 
1.1.2 The effect of actual site conditions and user performance 
The actual site conditions and the way of using the fireplace can have an effect on 
the fires caused by metal chimneys. The ways of using room heaters have been 
studied in Norway [Hansen et al. 1998]. It was found that occupants refuel fireplaces 
at longer intervals and in larger batches than in standard testing. The study also 
revealed that heating periods are longer than in tests. According to the study, 
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fireplaces were used for up to 18 hours per day. According to the measurements, 
chimney draughts are lower in actual use than in tests. The study highlighted a 
contradiction between the testing of fireplaces and their actual use in Norway. The 
difference was not considered significant enough to require changes in the test 
method for room heaters.  
Finland has not studied how the actual use of fireplaces affects the temperature 
of flue gases. The use of fireplaces in Finland differs somewhat from what is 
customary in Norway. The biggest difference lies in the type of fireplaces used. The 
most common types in Finland are slow heat release appliances and wood-burning 
sauna stoves. Slow heat release appliances are not usually heated for as long as room 
heaters. 
 
1.1.3 Soot fires 
The critical condition of a soot fire, in which a deposit of soot on the chimney’s 
inner surface ignites, was studied by Peacock [1986] by means of 12 tests. In the 
study, soot was built up in flue by burning green wood. After build-up, the soot was 
ignited and temperatures were measured in the chimney. The measured maximum 
temperatures during the tests were 908-1,370°C.  Some of the results of these tests 
are shown in Table 1.3. The accumulation of soot was highest when 2,733 kg of 
wood was burned for 1,752 hours at an average ambient temperature of −6°C. 
Durations of soot fires in tests by Peacock are shown in Table 1.4. 
Table 1.3 Minimum, average and maximum values of Peacock’s soot fire tests [1986]. 
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Table 1.4 Duration (minutes) of soot fires in tests by Peacock [1986]. The times given are how 
long the given temperature was exceeded. 
 
As can be seen in Table 1.4, the soot fires had relatively short durations. The entire 
exposure time over which the temperature was more than 600°C lasted from 5 min 
to 44 min, the average being 19 min. The duration of the thermal shock test 
according to standard EN 1859 was 30 min and the test temperature was 1,000°C. 
1.1.4 Chimney draught 
The theoretical draught of the chimney (PH) is calculated with the Eq. 1.1 [EN 
13384-1], where H [m] is the height of chimney, g [m/s2] is the gravitational constant, 
ρL [kg/m3] is the density of outdoor air and ρm [kg/m3] is the mean density of flue 
gases. 
PH =H∙g∙(ρL – ρm)     (1.1) 
The height of the chimney has an effect on the chimney draught. The second 
influential factor is the temperature of the outdoor air, which has an effect on the 
density of the air. The draught increases when outdoor air is cooling. The third 
influential factor is the temperature and composition of flue gases. Achenbach et al 
[1948] studied the performance of masonry chimneys under steady state conditions. 
The results demonstrated that higher inlet gas temperatures increased flue draught. 
The type of masonry material and liner, and the treatment of air space affected the 
flue draught very little. The study did not examine whether a higher draught raises 
the temperature of flue gases. In the testing of fireplaces, the typical draught is 12 Pa 
[e.g. EN 13240], but the draught can be considerably higher in reality. During intense 
heating, draught levels as high as 45 Pa has been measured [Hansen et al. 1997].   
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1.2 Chimneys and chimney-roof penetrations 
Achenbach et al [1948] and Mitchell [1949] studied the fire safety of masonry 
chimneys. They tested 35 masonry chimneys of various types of construction. In the 
tests by Achenbach et al [1948], they used three different gas temperatures and three 
different gas flow rates. Mitchell [1949] also performed shock tests of half-hour 
duration at flue gas temperatures from 1,000°C. The tests of the EN standards of 
chimneys are very similar to those performed by Achenbach et al. and Mitchell. It 
can be assumed that these studies formed the starting points of the EN standard 
tests.  
1.2.1 Metal chimneys 
In the 2010s, the fire safety of metal chimneys has been studied in Finland and Italy. 
In the studies [Inha et al. 2011, Neri et al. 2015:2], it was demonstrated that the 
thickness of the thermal insulating layer of the roof had an effect on the temperatures 
of combustible materials located near the chimney penetration area. In the 
performed tests [Inha et al. 2011], the rise in temperature at a distance of 100 mm 
from the chimney’s outer surface was about 150°C when the thickness of the roof 
insulation was increased from 200 mm to 600 mm. The tests were performed with 
an axisymmetric test structure and the flue gas temperature at the height of the 
penetration was maintained at a constant level of 700°C. The test structure is shown 
in Figure 1.4 a). The effect of the thickness of roof insulation on the temperatures 
of penetrations is shown in Figure 1.4 b). 
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a)  b)  
Figure 1.4  a) Test structure, b) Effect of thickness of roof insulation on the temperatures of 
penetrations [Inha et al. 2011]. Temperatures are measured at a distance of 
100 mm from the chimney’s outer surface. 
Higher insulation around the chimney prevents heat from escaping through the 
chimney penetration. Under short-term exposure, the ignition temperature of wood 
is about 250°C [Babrauskas et al. 2007]. In the case of tests, the ignition temperature 
is exceeded by a 600 mm roof thickness, but not by 200-300 mm. Figure 1.4 b) also 
shows the effect of exposure duration. If the critical temperature is 200°C, it will 
take 2 hours to reach the temperature with a roof thickness of 600 mm. To achieve 
the same temperature takes 4 hours when the roof thickness is 300 mm. The 
thickness of the roof in the EN standard test is 200 mm [EN 1859].   
Neri studied how the chimney clearance sealing mode influences temperatures in 
chimney penetrations [Neri et al. 2015:1]. She tested four different sealing modes: 1. 
open, 2. sealed with metal sheets, 3. sealed adiabatically and 4. filled with insulating 
material. The chimney sealing mode filled with insulation material resulted in the 
highest temperatures in roof penetrations. This is the most-used chimney sealing 
mode in Finland. Also, roof layer arrangements have an influence on the maximum 
temperature position. In Italy, they also use thick horizontal wood layers, which 
affect the position of the highest temperature. In Finland, the building style is 
different and there are no wooden layers. In chimney tests according to standard 
[EN 1859], there is a wooden structure between the chimney and roof. Such wood 
structure is not actually used near chimneys in either Italy or Finland. Neri et al. 
 27 
[2015:1] showed that this kind wooden structure can cause lower temperatures in the 
penetration. 
In her doctoral thesis, Neri [2016] concentrated on an analysis and modelling of 
the temperatures at the penetrations of chimneys. Neri proposes changes to the test 
standard of metal chimneys [EN 1859] based on the method of installation in Italy. 
The development proposals are based on Article III and on her studies [Neri et al. 
2015:1, 2015:2, 2015:3 and 2016]. According to Neri [2016], standard EN 1859 
should be modified as follows: 
• A clearance sealing mode and roof layer positions have an influence on the 
maximum temperature position, so thermocouples on the test structure should be 
positioned vertically, not horizontally [Neri et al. 2015:1] 
• The hot gas temperature should be measured as close as possible to the 
chimney penetration [Article III] 
• The final test condition does not always allow a steady-state temperature. 
The steady-state temperature on the test structure could be estimated with the 
heating curve model developed by Neri et al. [2016]. 
• The method of selecting the installation mode should be explained in the 
chimney installation manuals so that installation engineers can make choice. 
• Tests are not suitable for chimneys that will be installed in very thick and 
highly insulating wooden roofs [Neri et al. 2015:1] 
• Chimneys should be installed at the centre of a roof and not near the walls. 
This is because the thermal conductivity of the walls is higher than that of the roof 
so heat dissipation occurs [Article III] 
• In the test structure, between the chimney and roof no wooden lath should 
be installed because it acts as a thermal bridge [Neri et al. 2015:1] 
As a result of the fires caused by the chimneys, the investigation of the subject was 
started in Finland and Italy. In Finland, the research was started in 2010. In 2015, 
research co-operation was initiated for chimney testing, and Manuela Neri arrived at 
the Tampere University of Technology. Her goal was to develop a fire-safe chimney 
penetration detail. Her work was mainly done computationally. The experiments 
performed in this thesis were also used in her numerical simulations and calculations. 
Neri participated in writing Article III and Article IV. Correspondingly, the author 
assisted Neri in writing an article [2016]. In this thesis, the aim was to improve the 
fire safety of metal chimneys in Finland. The scope of the work was to develop 
background material for the development of standards of fireplaces and chimneys. 
The study was carried out using laboratory and field tests. The study focused not 
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only on the chimney penetration, but also on the flue gas temperatures of the 
fireplace. 
1.2.2 Smouldering combustion of the organic content of mineral wool 
The constant smouldering burning spreads the combustion without a flame. Once 
started, the smouldering process is characterised by the three zones represented in 
Figure 1.5. Zone 1 near to the heat source has already undergone the smouldering 
process and char has been formed. In zone 2 the process is being developed, and in 
zone 3 far from the heat source the process has not yet occurred. Only in porous 
burning materials can constant smouldering burning take place. The maximum 
temperature in the reaction area in most organic materials is 400-750°C in standing 
air and pyrolysis begins at 250-300°C [Drysdale 1998].  
Mineral wool products are often used as penetration insulation materials in 
chimney penetrations. According to standard EN 13501-1, they are classified as non-
combustible. Despite the classification as class A (non-combustible) material, 
mineral wool always contains a small amount of organic material, which creates 
favourable conditions for smouldering combustion. Heat release caused by 
smouldering combustion was clearly recognised when two chimney-tests were 
carried out on the same structure [Inha et al. 2011]. In the test, a metal chimney was 
connected to a sauna stove and installed through a 200 mm-thick mineral wool roof 
insulation layer. Temperatures were measured from a thermocouple located in the 
middle of the thermal insulation layer and 100 mm from the face of the chimney 
flue. The test structure is shown in Figure 1.6 a). The temperatures during tests 1 
and 2 are shown in Figure 1.6 b). The solid curve for Test 1 includes the additional 
heat release generated by the burning of the organic material. The chimney test was 
then repeated using the same structure, the result of which is the temperature 
development depicted by the dashed curve for Test 2. The organic material burned 
in Test 1, while the additional heat generation was no longer detected in the second 
test. The difference between the two curves can be interpreted as the additional heat 
generated by the burning of organic material. The maximum difference in 
temperature was measured at 140 minutes and was 230°C. After reaching its 
maximum value, the temperature of Test 1 starts to decrease, which means that the 
organic content has burnt off. The temperatures in both tests are then approaching 
a similar temperature level. The estimated duration of the temperature peak in this 
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test was approximately 150 minutes. Based on the experiments [Inha et al. 2011], 
heat release occurred especially in high roof insulation thicknesses. 
 
Figure 1.5  Representation of smouldering process. 
a) b)  
Figure 1.6  a) Test structure, b) Temperatures at penetration at a distance of 100 mm from the 
surface of the chimney in tests 1 and 2. 
1.3 Relevance of the research 
In Finland, many fires caused by metal chimneys have occurred in spite of the CE 
markings of the fireplaces and chimneys. Previous studies have shown that the flue 
gas temperatures of fireplaces in actual installations and conditions can be very high 
and higher than in the test conditions specified in the EN standards. The high flue 
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gas temperature increases the temperatures of structures and materials located near 
the chimney penetration, which increases the risk of fire. Figure 1.7 shows an 
idealised vertical section where a chimney penetrates a roof construction. In this 
idealised example, a 100-mm-thick penetration insulation is used around the chimney 
flue and the outer face of the penetration insulation defines the safe distance from 
the chimney flue. In actual chimney installations, the insulation thickness and safety 
distance required are normally designed on a case-by-case bases and depend on 
chimney and penetration construction as well as on the properties of penetration 
insulation products. Roof constructions, including thermal insulation and timber 
roof structures, are installed in contact with the penetration insulation. In the figure, 
the temperature distributions for three different continuous working flue gas 
temperatures are presented. The penetration detail is considered fire-safe if the 
temperatures do not exceed 85°C outside the safe distance of 100 mm. The 500°C 
temperature corresponds to temperature class T400 of EN 1856-1. In this idealised 
detail, the temperatures of this 500°C -curve do not exceed the 85°C limit and the 
detail meets the standard requirements. If the actual flue gas temperatures are higher, 
600°C and 700°C, the limit value will be exceeded, and the hatch marks indicate the 
area where temperatures may exceed the ignition temperatures of building materials 
and the fire hazard is apparent. Actual flue gas temperature levels higher than 
assumed in the chimney penetration design may create a potential fire risk. However, 
there has been little or no research on the actual flue gas temperatures of fireplaces 
in real use and under actual site conditions in buildings. There is no sufficient 
information available to identify the difference between the actual site conditions 
and the EN standard test conditions, and to assess whether the differences affect the 
fire safety of chimney penetrations. In order to ensure a fire-safe chimney design, 
the flue gas temperatures given in the CE markings of fireplaces should cover all 
possible operating conditions including use contrary to operating instructions. In 
this research, the conditions typical in Finland are of particular concern. 
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Figure 1.7  Idealised figure of a vertical section of a roof and the temperature distributions 
across the chimney penetration structures. The three temperature curves represent 
three different flue gas temperatures - 500°C, 600°C and 700°C. In this idealised 
figure, the lowest 500°C temperature represents an acceptable performance as the 
temperatures do not exceed 85°C outside the safe distance of 100 mm. When the 
flue gas temperatures are higher, 600°C and 700°C, the 85°C limit will be 
exceeded, and the hatch marks indicate the area where temperatures may exceed 
the ignition temperatures of building materials. 
Roof and floor construction and the requirements for thermal insulation solutions 
vary between countries and depend on climate conditions, legislation and traditions. 
The test and product standards of chimneys, however, do not consider the variations 
in penetration construction and site conditions. Neri [2016] listed the weaknesses of 
standard EN 1859 based on the Italian installation methods and details. As the site 
conditions in Finland and Italy differ significantly, especially in weather conditions, 
thermal insulation requirements and typical construction details, it is unclear if all the 
findings of Neri are applicable in Finland and if the findings cover all possible 
conditions in Finland. More research is required to demonstrate how well the EN 
standard test conditions and construction of chimneys correspond to the site 
conditions, building construction and structural details in Finland.   
One potential reason identified for chimney-penetration-induced fires is the 
smouldering combustion of mineral wool insulation, penetration insulation, installed 
around the chimney flue. Mineral wool contains binder and other organic materials 
and the smouldering combustion of this organic material can generate additional 
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heat that, in turn, increases the temperature of both the penetration insulation and 
the surrounding floor and roof structures. Research by Inha et al. [2011] showed that 
the smouldering combustion of mineral wool insulation can raise the temperature of 
chimney penetrations and create a potential fire hazard in the surrounding structures. 
Further information was required considering the level of temperature rise, the 
effects of insulation thickness on the temperature rise and the distribution of 
temperature rise over the cross-section of penetration insulation.    
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2 OBJECTIVES 
The research aimed to establish whether the measurement methods used in fireplace 
and chimney tests according to EN standards cause a fire safety risk to chimneys and 
the whether the testing of fireplaces and chimneys corresponds well enough to their 
actual use in Finland. One objective of the study was to try to influence the 
development of European's standards, the national regulations of Finland and the 
manufacturers' instructions.  
The scope of this study is the fire safety of metal chimneys in Finnish households. 
The structure and installation of the chimney are essentially connected with the fire 
safety of the chimney, but the fireplace and its use also have an influence. In addition, 
the smouldering combustion of the organic content of mineral wool can have an 
effect on the fire safety of chimneys. The compatibility of fireplaces and chimneys 
tested according to EN standards and the fire safety of the penetrations of metal 
chimneys are also studied. In addition, the effect of the conditions and use of 
fireplaces on the temperature of the flue gases is estimated. The effect of the 
smouldering combustion of mineral wool on the temperatures of the penetration of 
the chimney is studied. 
The study was partly done in collaboration with Manuela Neri from the 
University of Brescia, Italy. The collaboration concerned testing set-up and method. 
The goal of Neri’s study was to develop a fire-safe chimney penetration detail. Her 
work was mainly done computationally. The experiments performed in this study 
were also used in the calculations and numerical simulations. In this study, the aim 
was to improve the fire safety of metal chimneys in Finland. The aim of the study 
was to influence the standards of fireplaces and chimneys. The study was carried out 
using laboratory and field tests. The study focused not only on the chimney 
penetration, but also on the flue gas temperatures of the fireplace. 
In this thesis study, the actual flue gas temperatures of fireplaces in real use and 
under actual site conditions were investigated using field tests. However, it was 
impossible to include the full range of actual conditions and operating environments. 
The experiments chosen have been considered to represent the most typical cases 
and factors. The ignition properties of different materials have not been studied in 
detail, but fire risk caused by generally used materials at the penetrations of metal 
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chimneys is discussed. The wall penetrations of metal chimneys have not been 
studied because they do not fall into the test standard for chimneys. The metal 
chimneys connected to boilers have been omitted from the study. The fires caused 
by leaks of flue gases have not been studied because they seem not to be a problem 
for metal chimneys in Finland.   
2.1 Research questions 
The main research questions can be formulated as follows: 
 
1. Flue gas temperatures 
1.1. Does the fireplace standard test method give a fire-safe temperature class to 
a chimney?  
1.2. How could the fire-safe temperature class of the chimney be determined?  
2. Chimney and chimney penetration design 
2.1. Does the current standard test method of metal chimneys lead to a fire-safe 
penetration structure in Finnish conditions?    
2.2. How should the test method of metal chimneys be updated to Finnish 
conditions? 
2.3. How does the smouldering combustion of the penetration insulation affect 
the fire safety of the penetration structure? 
2.2 Research methods 
The study was performed mainly experimentally. A series of laboratory and field 
tests were performed in order to determine the flue gas temperatures of fireplaces 
to be used in designing chimneys. The effects of the metal chimney installations and 
the smouldering combustion of the organic content of mineral wool on fire safety 
were also studied in the laboratory tests. The scheme of the research approach is 
shown in Figure 2.1.  
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Figure 2.1 Scheme of the research approach. 
Article I: A series of laboratory tests to EN standards was performed in order to 
determine the flue gas temperatures of fireplaces to be used in designing chimneys. 
The differences between the flue gas temperatures of the nominal heat output test 
and the temperature safety test were determined. Another aim was to evaluate how 
the use of fireplaces deviating from the tests affects flue gas temperatures. 
Article II: A series of field tests was performed in order to determine the actual flue 
gas temperatures of fireplaces and actual chimney draughts. 
Article III: The effect of the installation solution of metal chimneys on fire safety 
was studied in laboratory tests. The tests simulated how the actual installation and 
actual conditions of the chimneys affect the temperature of nearby combustible 
materials. The effect of the flue gas temperature measuring sections of chimney's 
tests was also studied.  
Article IV: The effect of the smouldering combustion of the organic content of 
mineral wool on fire safety was studied in the laboratory tests. The objective of the 
study was to determine the heat released from the charring of the organic content of 
mineral wool.  
The testing arrangements, conditions and measurements are described in 
articles I - IV.  
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3 FLUE GAS TEMPERATURES 
The flue gas temperature of the fireplace has an effect on the fire safety of the 
chimney. The objective of performed laboratory tests is to estimate whether the 
present temperature of flue gases has been given correctly or whether another way 
would be better. Furthermore, in the laboratory tests it was estimated how use 
deviating from the tests affects the temperature of flue gases. 
Laboratory tests are always simplified and differ from actual field conditions. 
Conditions vary due to chimney draught conditions that depend on site and time, as 
well as the length and installation method of the chimney. In addition, the actual use 
of a fireplace differs from test use, at least in terms of wood batch sizes, firewood 
charging intervals, fuel used and draught control. EN standard tests should cover a 
credible worst-case scenario except for a deliberate misuse of the fireplace. A series 
of field tests was made to study flue gas temperatures and draught in fireplaces. 
Together with the field experiments, how well the EN standard tests simulate real 
conditions was also studied. 
Section 3.1 presents EN standard test methods for fireplaces. Sections 3.2 and 
3.3 present laboratory and field experiments to assess if the flue gas temperature of 
a fireplace can lead to a fire-safe chimney design. Section 3.4 presents conclusions 
of the tests. 
3.1 EN standards test methods of fireplaces 
Fireplaces are subjected to a nominal heat output test and a temperature safety test 
in accordance with EN standards [e.g. EN 13240]. The former describes the planned 
use of the fireplace while the latter is intended to ensure the fire safety of the area 
around the fireplace. In EN standard tests at nominal heat output, properties such 
as efficiency, heat output and emissions are determined for fireplaces. Safety 
distances of fireplaces are determined in a temperature safety test. The test 
arrangements of the most common fireplace types in Finland are shown in Figure 
3.1. Testing of different fireplaces types is shown in Table 3.1. 
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a)  b)  c )  d)   
Figure 3.1  Test arrangement of fireplaces: a) Slow heat release appliance, b) Room heater, 
c) Sauna stove, d) measurements. 
Table 3.1  Testing of different fireplace types according EN standards.  
 
1 Calculated on the basis of the manufacturer's informed heat output of appliance 
2 Calculated on the basis of the area of the firebox bottom 
3 Corresponds to nominal heat output test 
4 Batches of the same sizes are burned after a burning rate performance test 
5 Maximum manufacturer’s informed sauna volume 
6 Minimum manufacturer’s informed sauna volume 
Room heaters 
When testing a room heater at nominal heat output, the fireplace is heated according 
to the instructions specified in the standard. In the temperature safety test of a room 
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heater, wood batches are burned until the surface temperatures of the adjacent wall 
have stabilised [EN 13240]. 
Slow heat release appliance 
The burning rate performance test of slow heat release appliances according to the 
EN standard takes place using wood batches specified by the manufacturer. The 
temperature safety test of a slow heat release appliance uses double batches: new 
batches of the same sizes are burned after a burning rate performance test [EN 
15250] The burning rate performance test and temperature-safety test results of a 
slow heat release appliance are shown in Figure 3.2 a). Figure 3.2 b) shows the 
measured flue draught levels in the same tests. 
a) b)  
Figure 3.2 Typical a) temperature and b) draught measurements from a burning rate 
performance test and a temperature safety test of a slow heat release appliance. 
Horizontal dashed line represents the mean temperature recorded in the CE 
marking [Article I]. 
Sauna stove 
The test of a sauna stove at nominal heat output according to the EN 15821 standard 
takes place in the sauna test room specified in the standard. The temperature of the 
sauna test room must reach 90°C using the batches specified by the manufacturer. 
In the temperature safety test, the temperature of the sauna test room is allowed to 
stabilise at 60°C, after which draught is increased to 15 Pa (-0 Pa / +2 Pa) and the 
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firebox is filled to the upper edge of its opening. In the test, the temperature of the 
sauna test room must reach 110°C. If it is not reached, another batch is added. 
3.2 Laboratory tests on fireplaces 
Nominal heat output tests and temperature safety tests described in standards [EN 
13240, EN 15250, EN 15821] were performed on a room heater, a slow heat release 
appliance and a sauna stove [Article I]. In addition, some over loading tests were 
performed after standard tests on the room heater and the slow heat release 
appliance. The overloading tests used larger wood batches and higher chimney 
draught. A bathing test was performed on the sauna stove. In the bathing test, people 
took a bath in the test sauna during which water was thrown on the sauna stove to 
produce steam. The purpose of the tests was to evaluate how the way fireplaces are 
used affects the flue gas temperature. 
The highest flue gas temperature in the nominal heat output test for the sauna 
stove was about 200 °C higher than the average flue gas temperature. This average 
flue gas temperature is indicated on the CE mark of the appliance. In the temperature 
safety test, the difference to the declared flue gas temperature was even higher. Flue 
gas temperature in the sauna stove test is shown in Figures 3.3 a) and 3.3 b). In the 
bathing test, flue gas temperatures were at the same level as in the temperature safety 
test. Flue gas temperature in the sauna stove bathing test is shown in Figure 3.4. 
In the nominal heat output test on the room heater and the burning rate 
performance test on the slow heat release appliance, the difference between the 
average flue gas temperature and the highest flue gas temperature was less than 50°C. 
In the temperature safety test, the difference to the declared flue gas temperature 
was about 100°C. Flue gas temperature during the slow heat release appliance tests 
is shown in Figure 3.5. Flue gas temperature during the room heater tests are shown 
in Figures 3.6 a) and 3.6 b). 
The effect of wood batches and the chimney draught on the temperature of flue 
gases were measured in a laboratory [Article I]. When wood batches were 1.3 kg 
larger (3.0kg) and the draught of the chimney was 12 Pa, the highest temperature of 
flue gases was about 90°C higher than when wood batches were normal (1.7 kg). 
When the heating was continued with the same size of wood batches (3 kg) and the 
draught of the chimneys was increased to the value 15 Pa, the highest temperature 
of flue gases rose and was 160°C higher than in normal use (Figure 3.6 a)). 
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a) b)  
Figure 3.3  Flue gas temperatures a) in the sauna stove nominal heat output test, b) in the 
sauna stove temperature safety test. 
 
Figure 3.4  Flue gas temperatures in the sauna stove bathing test. 
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Figure 3.5  Flue gas temperatures in the temperature safety test of the slow heat release 
appliance and during the additional batch. 
a) b)  
Figure 3.6  Flue gas temperatures a) in the room heater nominal heat output test and during 
the additional batch, b) in the room heater temperature safety test. 
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3.3 Field tests of fireplaces 
The test subjects were room heaters, slow heat release appliances and sauna stoves. 
The tests aimed to use the fireplaces according to the operating instructions. The 
fireplaces tested in field experiments are shown in Figure 3.7. 
a) b)  c)   
Figure 3.7  The fireplaces tested in field experiments: a) Room heater and site measurement 
equipment, b) Slow heat release appliance, c) Exterior view of lakeside sauna and 
sauna stove. 
Room heaters 
The tests were performed on three similar room heaters [Article II]. The results of 
the tests were much the same. In the tests, the mean flue gas temperatures were 
approx. 100°C higher than those indicated in the CE marking. The chimney draught 
was also higher than in the EN standard tests. In field tests, the chimney draught 
was on average 30-35 Pa, while in the EN standard tests the chimney draught is 10-
17 Pa. The test results for room heater 1 are presented in Figure 3.8. The first graph 
represents the flue gas temperature and the second is the draught. The solid red line 
is the data recorded during the test. 
Slow heat release appliance 
The test was performed on a slow heat release appliance [Article II]. The flue gas 
temperatures and flue draught of the slow heat release appliance tested are shown in 
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Figure 3.9. The average flue gas temperature was about 50°C higher than the 
temperature of the flue gases indicated on the CE marking. The chimney draught 
was up to 40 Pa when 11 Pa was used for the fireplace testing. The field-measured 
flue gas temperatures were higher than what had been reported in previous 
laboratory tests performed by Inha et al [2012] on the same type of appliance. In 
these tests, flue gas temperatures were measured from the point specified in standard 
EN 15250 as well as from the flue gas connector. The mean flue gas temperature 
was only 11°C higher in the connector than that measured from the point specified 
in standard EN 15250. In Inha’s test, the mean temperature measured from the point 
specified in the standard was 250°C, more than 40°C higher than the flue gas 
temperature specified in the CE marking. In the field test, the mean flue gas 
temperature was about 20°C higher still. 
 
Figure 3.8 Flue gas temperatures and flue draught of test on Room heater 1. 
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Figure 3.9 Flue gas temperatures and flue draught of test on the slow heat release appliance. 
Sauna stove 
The sauna stove was tested [Article II] for conditions corresponding to normal use 
in Finland as the site conditions were very different from those specified in the 
standard EN 15821. Outdoor air temperature during the test was 0°C, which was 
also the temperature of the lakeside sauna at the beginning of the test. The sauna 
stove was first heated so that the temperature of the air in the sauna was 100°C. 
After that, people bathed in the sauna. The wood batches were about the same size 
as the additional batch of the nominal heat output test. However, the heating of the 
sauna causes higher flue gas temperatures than maintaining the temperature.  The 
manufacturer of the sauna stove also gave the highest flue gas temperature of the 
temperature safety test. The flue gas temperatures of the sauna stove were measured, 
and the sauna temperatures are presented in Figure 3.10 a), and flue draught in Figure 
3.10 b). The mean flue gas temperature measured 1.5 m above the sauna stove was 
355°C. The chimney draught was in the same range as the CE test of the fireplace. 
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a) b)  
Figure 3.10 a) Flue gas and sauna temperatures b) Chimney draught of the sauna stove test. 
3.4 Conclusions 
The temperature specified in the CE marking of fireplaces is measured at nominal 
heat output when the tested fireplace is heated according to the manufacturer's 
instructions. According to the EN standards, fireplaces must also be subjected to a 
temperature safety test. The test is made to determine the safety distances of a 
fireplace, but the standard does not require measuring flue gas temperatures. In 
laboratory tests, the highest flue gas temperatures of the tested fireplaces measured 
in the temperature safety test were 124°C to 381°C higher than those given on the 
CE marking. Overloading raised the highest flue gas temperature by 199°C to 347°C 
above the flue gas temperature indicated on the CE marking. 
In all field tests, flue gas temperatures higher than those specified in the 
manufacturer’s instructions were measured. The mean flue gas temperatures 
measured during the room heater and sauna stove tests were approximately 100°C 
higher than the flue gas temperatures given by the manufacturers in the CE marking 
of the fireplaces. The highest measured flue gas temperatures were 300°C above the 
temperatures given in the CE marking. For the slow heat release appliance, the 
temperature difference was lower. In field tests, the chimney draught was higher than 
in the CE test of fireplaces, except for the field test on the sauna stove. 
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4 FIRE SAFETY OF METAL CHIMNEYS AND 
CHIMNEY PENETRATIONS 
The installation method of the chimney and the location of measurement points in 
the test have an effect on the measured temperatures of adjacent combustible 
material. The testing of the chimney differs in many ways from how installation is 
actually carried out in Finland.  
Section 4.1 presents EN standard test methods for metal chimneys. Section 4.2 
presents laboratory experiments to assess if the EN standard test methods of metal 
chimneys lead to a fire-safe chimney design. Section 4.3 presents the conclusions of 
the tests. 
4.1 EN standard test methods of metal chimneys 
EN standards present 11 temperature classes for chimneys: T80, T100, T120, T140, 
T160, T200, T250, T300, T400, T450 and T600 [EN 1443]. The number refers to 
the maximum nominal operating temperature (°C). In the highest temperature 
classes, T400, T450 and T600, the hot gas temperature used in testing the chimney 
is 100°C higher than the operating temperature indicated by the temperature class. 
When choosing a chimney, the temperature class based on chimney tests must be 
equal or higher than the mean flue gas temperature recorded in the CE marking of 
the fireplace connected to the chimney. 
A metal chimney can be tested as free standing (Figure 4.1 a)) or installed in a 
corner enclosed (Figure 4.1 b)) or not enclosed (Figure 4.1 c)). In the tests, the 
chimney is installed upright and a horizontal pipe is connected to it for feeding hot 
gas. The temperature of the hot gas is measured from the horizontal pipe. The test 
corner has two floor structures, the first one 1,400 mm above the horizontal pipe. 
In chimney tests, the temperature of a wood surface is measured at the safety 
distance from the chimney surface at the floor structures and 300 mm below the 
upper one [EN 1859] A horizontal section of the test arrangement of chimneys is 
shown in Figure 4.1 d).  
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4.1.1 Heat stress test 
The thermal resistance of a metal chimney is tested by feeding hot gas into it until 
equilibrium is reached. Equilibrium is considered to have been reached when the 
temperature of the test chimney or structure increases by no more than 2°C/30 min. 
The manufacturer declares that the minimum distance to combustible material and 
the performance must be demonstrated by tests. The surface temperature of any 
combustible material at the safety distance from the chimney must not exceed 85°C 
when the ambient temperature is 20°C. [EN 1856-1, EN 1859] 
a) b) c) d)  
Figure 4.1  Test arrangements of metal chimney a) Free standing, b) Installed in a corner 
enclosed, c) Installed in a corner not enclosed and d) Chimneys horizontal section.  
4.1.2 Thermal shock test 
Chimneys designated as soot-fire resistant are also subjected to a thermal shock test. 
In the test, hot gas temperature must be 1,000°C (20°C/+50°C) for 30 minutes, after 
which the hot gas generator is turned off. The temperatures of the chimney and the 
surrounding area are monitored until they reach the maximum value and start to fall. 
The maximum surface temperature of combustible materials must not exceed 100°C 
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when the ambient temperature is 20°C. If a metal chimney is designed to withstand 
a soot fire, its thermal resistance is checked by a Heat stress test before and after the 
thermal shock test [EN 1856-1, EN 1859].  
4.2 Laboratory tests on metal chimneys 
4.2.1 Hot gas temperatures in metal chimney tests 
Tests were performed on two different chimneys [Article III]. The hot gas 
temperature was measured from the point described in the standard EN 1859 and 
at the penetration of the chimney. In Figure 4.2, which refers to the heat stress test 
T600 performed on a 25 mm-thick chimney, the hot gas temperature at the chimney 
roof penetration was about 150°C lower than that measured at the standard’s point 
[EN 1859]. The effect is still higher in the thermal shock tests. In thermal shock 
tests, the maximum hot gas temperature at the chimney roof penetration was about 
350°C lower than that measured at the standard’s point on a 25-mm-thick chimney 
(Figure 4.3 a)). The difference is smaller by about 150°C when a 65-mm-thick 
chimney is used (Figure 4.3 b)).  
  
Figure 4.2  Comparison between hot gas temperatures measured according to EN 1859 and in 
the vicinity of the roof penetration: Heat stress test (T600) performed on a 25-mm-
thick chimney. 
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4.2.2 Chimney test arrangement and temperature measurement point 
locations 
Two heat stress tests were carried out to investigate the influence of the position of 
the chimney in the roof [Article III]. The first one was performed at the corner as 
described in EN 1859. The second was made with an axisymmetric test structure. In 
the first test, the combustible material temperatures were measured from a corner as 
the standard EN 1859 represents, and from the roof on the vertical surface of the 
insulation. In the second test, the temperatures were measured from the vertical 
surface of the insulation. The arrangements for these two tests on metal chimneys 
are shown in Figure 4.4. 
Higher temperatures have been measured on the roof insulation where they can 
be on average 60°C higher than those measured on the walls (Figure 4.5 a)). The 
highest temperature was measured on the axisymmetric test structure (Figure 4.5 b)). 
The difference in temperature was due to the fact that the walls offered higher 
thermal conductivity than the roof. The thermal conductivity of the roof insulation 
used in the test was very low (plastic-based insulation material) which accentuated 
the effect. 
a) b)  
Figure 4.3  Comparison between hot gas temperatures measured according to EN 1859 and in 
the vicinity of the roof penetration: a) Thermal shock test performed on a 25-mm-
thick chimney and. b) Thermal shock test performed on a 65-mm-thick chimney. 
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Figure 4.4  Test arrangement of metal chimneys: a) corner installation, b) axial-symmetric 
installation. 
a) b)  
Figure 4.5  Temperatures measured at combustible materials: a) Corner test structure. On 
surface of wood (black) and on surface of insulation (grey), b) Axial-symmetric test 
structure. 
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4.3 Conclusions 
In the EN standard tests of metal chimneys, the flue gas temperatures are measured 
from the horizontal flue pipe near the hot gas generator. This point is located far 
from the chimney-roof-penetration and the test results show that the flue gas 
temperature can drop significantly between the standard measurement point and the 
penetration. In the thermal shock test conducted in this study, the gas temperature 
in the chimney roof penetration can be about 350°C lower (Figure 4.3 a)) than that 
at the standard measurement point. In the heat stress test, the difference was found 
to be about 150°C (Figure 4.2).  
The testing position of the chimney in a corner of the roof and near two walls 
does not represent the worst condition in which a chimney may operate. In real 
installations, chimneys are usually completely surrounded by a roof that offers lower 
thermal conductivity than the walls of the test structure. Based on the experiments, 
the temperature of the combustible material can be up to 80°C higher than at the 
standard measuring point. In the tests, the roof insulation was of the PIR type. PIR 
insulation has low thermal conductivity, which leads to a high difference in 
temperatures. PIR insulation products are used as thermal insulation for roofs in 
Finland, and the higher temperatures should be taken into account in chimney 
design. 
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5 COMBUSTION OF ORGANIC CONTENT OF 
MINERAL WOOL 
Previous research has demonstrated that the smouldering combustion of mineral 
wool insulation products can increase the temperatures of chimney penetration 
construction during heater operation [Inha et al. 2011]. However, further 
information was required considering the level of temperature rise, the effects of 
insulation thickness on the temperature rise and the distribution of temperature rise 
over the cross-section of penetration insulation. An experimental study was carried 
out to answer these questions and to evaluate the effects of the burning of the 
organic material in mineral wool on the fire safety of a chimney penetration 
[Article IV]. 
5.1 Test set-up and programme 
An experimental study was carried out to evaluate the effects of the burning of 
organic material in mineral wool on the fire safety of a chimney penetration [Article 
IV]. The test samples were 300 mm square and 100 mm thick. The test samples were 
made of two approximately 50-mm-thick mineral wool boards placed together back 
to back. The test samples were covered with aluminium foil, except for the side 
facing away from the furnace, to reduce the airflow inside of them. A foil-covered 
test sample is shown in Figure 5.1 a). One test series included two separate rounds 
of heating, the first and the second. During the first round, the organic material in 
the insulation burns causing additional heat. During the second round, the organic 
material has already burned and does not have an effect on the temperature variation 
in the insulation. The second round of heating is thus similar to a situation in which 
there is no organic material in the insulation. The temperature of the test samples 
was measured from the surface facing the furnace between the aluminium foil and 
the mineral wool, as well as from various points at 10 mm intervals through the 
cross-section all the way to the side facing away from the furnace. The test 
arrangement and measurement of temperature is shown in Figure 5.1 b). The test 
samples were installed into a 100-mm-thick support structure placed on the furnace’s 
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front opening. The support structure was made of two 50-mm-thick mineral wool 
boards tied together. 
a) b)  
Figure 5.1  a) Test specimen before the tests. b) test arrangement and measurement of 
temperature. Dimensions in millimetres. 
At the start of the first heating, the furnace temperature was raised from room 
temperature to a target temperature of 500°C. During the heating of the furnace, 50-
mm-thick mineral wool slab was used to cover the hole reserved for the test sample. 
After the furnace temperature had plateaued at 500°C, the hole cover was removed 
and replaced with the test sample. The test was then continued at 500°C until the 
temperatures measured from the sample did not change anymore, after which point 
the furnace was turned off. During the second heating, the test samples from the 
first round of heating were tested again in a manner similar to the first round. The 
experiment simulates a situation where there is hot gas inside the chimney and a 
stone wool as an insulation in the chimney. In typical chimney penetrations, the 
thicknesses of chimney insulations and penetration insulations vary between vary 
from 20 mm to 100 mm and from 50 mm to 150 mm. The flue gas temperatures can 
vary from 200°C to 1,000°C. Based on tests by Inha et al. [2011], temperatures up 
to 500°C were measured inside the penetration insulation in this kind of penetration 
construction. This served as input for the test program reported in this thesis. 
5.2 Temperature rise due to organic content burning 
A temperature graph for the first heating is illustrated in Figure 5.2 a). The graph 
represents the temperatures on the test sample cross-section at 10 mm intervals, 
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during the first round of heating and with the furnace temperature at 500°C. 
Additional heat release was clearly noticeable. The highest temperatures were 
reached for about 90 minutes. After this, they decreased. With this test arrangement, 
the largest temperature rise generated by the burning of organic material was 
measured at approximately the centre of the test sample. When moving towards the 
surface facing away from the furnace, the additional heat was significantly reduced, 
as there was less burning of the organic material and less heat release due to the 
lower temperature. No burning of organic material occurred near the outer surface 
of the test sample, and the additional heat could be transferred from the centre to 
the surrounding area through the surface. Also, convection affects the temperatures 
on the side facing away from the furnace. This outcome differs from a chimney 
penetration, as the penetration insulation faces the thermal insulation within the 
roof. This observation means that the additional heat is not able to cool down in the 
same way as during the furnace test. Figure 5.2 b) illustrates the temperature graph 
for the first and second rounds of heating measured at a distance of 40 mm from 
the surface facing the furnace. The heat release generated by the burning of organic 
material was evident during the first round, but the second heating of the same test 
sample did not create any heat release. When comparing the result from the first and 
second rounds of heating, the temperature rise generated by the burning of organic 
material is visible. The maximum difference in temperature was measured at 90 min 
and was over 270°C. [Article IV]. 
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a) b)  
Figure 5.2  a) The charring of the binder of mineral wool causes a momentary temperature rise 
inside the mineral wool. b) Differences in the temperatures observed within the 
specimen 40 mm from the furnace between the first and second test when the 
temperature of the furnace was 500°C. 
The test results show that the temperature rise generated by the burning of organic 
material may increase the temperatures of penetration structures up to the ignition 
threshold of these materials. 
5.3 Effect of test temperature and test specimen thickness 
Also, the test temperature and the thickness of the test specimen may influence the 
smouldering combustion of mineral wool insulation. This was studied in two test 
series [Article IV]. In the first test series, tests were performed on different furnace 
temperatures (300°C, 350°C, 400°C, 500°C and 600°C). Specimen thickness was 100 
mm in the tests. In the second test series, the tests were performed on different 
thicknesses of mineral wool layers (60 mm, 80 mm, 100 mm, 120 mm, 150 mm and 
200 mm). During the tests, the temperature of the furnace was 500°C. 
The temperatures within the specimens 40 mm from the furnace during different 
tests are shown in Figure 5.3. It can be concluded that the heat release is not very 
high at furnace temperatures below 400°C. The organic material starts to evaporate 
when the temperature reaches 250°C. The test results of Figure 5.2a) show that the 
insulation temperatures reach 250°C at a distance of 80 mm from the furnace at a 
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test temperature of 500°C. At test temperatures of 400°C and 350°C, a temperature 
of 250°C is achieved at distances of 40 mm and 20 mm, respectively. At a test 
temperature of 300°C, a temperature of 250°C is reached only at the measuring point 
on the furnace side. 
a) b)  
Figure 5.3  Temperatures in mineral wool measured 40 mm from the furnace. a) Furnace 
temperature was 300°C to 600°C and specimen thickness was 100 mm, b) 
Specimen thickness was 60 mm to 200 mm and furnace temperature 500°C. 
As shown in Figure 5.3b), the maximum temperature rise is achieved when the 
thickness of the mineral wool specimen is 100 mm. With a thickness less than 
100mm, the amount of heat required for combustion does not accumulate in the 
mineral wool and a temperature of 250-300°C is not achieved in such a large part of 
the test specimen. The results also show that the temperature rise starts to decrease 
when the thickness of the specimen is increased from 100 mm and the temperature 
peak becomes gentler. Peak temperatures are also later achieved on thicker 
specimens. It looks as if the organic content burns more slowly in thicker mineral 
wool layers. One possible explanation is that the temperature required for 
combustion is reached more slowly on thicker specimens. The times at which 250°C 
was reached at different measuring points are shown in Table 5.1. The differences 
in the measuring points near the furnace are small, but at points farther from the 
furnace the temperature of 250°C is reached more slowly in the thicker test 
specimens. However, this does not explain the slower heat peak, but is rather a result 
of it. A second possible explanation for the phenomenon is the differences in the 
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supply of oxygen for combustion. The fact that the amount of air required for 
combustion does not effectively penetrate the thicker insulator layer is probably an 
explanation here. In the test arrangement, the test specimens were covered with 
aluminium foil, except for the opposite surface of the furnace. In this case, the 
distance travelled by the combustion air through the test specimen increases as the 
thickness of the test specimen increases. Also, gases released from the combustion 
reaction may have an effect on the phenomenon and further research is needed on 
the subject. 
Table 5.1  The time at which 250°C was reached at different measuring points. 
 
5.4 Conclusions 
The temperature by the chimney roof penetration is affected by the possible 
smouldering combustion of the organic content of surrounding mineral wool. The 
test results show that the smouldering combustion of the organic content in typical 
chimney penetration insulation products generates heat, and can increase the 
temperature in chimney penetration materials by hundreds of degrees for a limited 
period of time. The highest temperature rise was achieved when the temperature of 
the furnace was 500°C and the thickness of the test structure was 100 mm. Such 
conditions are possible in the penetrations of metal chimneys, as the flue gas 
temperatures of the fireplaces vary between 200 and 1,000°C and the thicknesses of 
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penetration insulations vary between 50 and 150 mm. This additional heat may 
briefly increase the temperature in the chimney penetration by over 200°C.
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6 DISCUSSION: MAIN FACTORS AFFECTING THE 
FIRE SAFETY OF CHIMNEYS 
There are many factors affecting the fire safety of metal chimneys: the actual use of 
fireplaces, actual conditions, and apparent flaws in fire safety standards concerning 
differences between the testing of the chimneys and the fireplaces, between the 
chimney testing and actual installations and the possible combustion of the organic 
content of the adjacent mineral wool insulation.  
6.1 Flue gas temperatures 
The determination of the design flue gas temperature of fireplaces is problematic 
with all fireplace types tested according to EN standards [e.g. EN 13240]. Higher 
temperatures were measured in the temperature safety tests than in the nominal heat 
output tests [Article I]. The flue gas temperature of the fireplace, based on the 
optimal use of the fireplace and on exact conditions, is used for the designing of the 
chimney. Whether the given flue gas temperature is safe to use for the designing of 
the chimney depends on the real temperatures of flue gases. In turn, the real 
temperatures of flue gases depend on real site conditions and on the actual use of 
the fireplace. For chimney design, the temperature of the flue gases in the fireplaces 
is given as the average temperature measured during the EN standard test. The 
highest temperatures have not been used because their variation is higher. In 
addition, the importance of peak temperatures is small because the chimney 
insulation acts as a buffer that "smooths out" the temperatures. It is therefore better 
to compare the average flue gas temperatures of the experiments. However, peak 
temperatures can have an impact on the durability of the chimney materials. 
The temperatures and draught levels measured in the field tests were higher than 
those measured in the EN standard tests. The effect of the actual site conditions on 
the flue gas temperature of the fireplace was about 100°C. The main reason for the 
higher flue gas temperatures in field tests is assumed to be the flue draught, which 
was stronger than in the standard nominal heat output test. As a consequence of the 
stronger draught, wood batches had to be fed more often than in the standard 
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nominal heat output test which in turn raised the flue gas temperature. In addition, 
the locations of the temperature measurement points of all the three field tests were 
closer to the fireplace than the measurement point specified in the standard. Closer 
to the fireplace, higher values are obtained for both flue gas temperature and 
chimney draught. The field test temperature and draught values were higher even 
though the difference between the measurement points was taken into account in 
the analysis of the results. The effect of the measurement point location is estimated 
in the Article II. All field tests were executed in normal summer conditions. It should 
be noted that, in more severe conditions such as winter, the chimney draught and 
the temperature of flue gases can be higher. In a test the flue gas temperature 
increased by approximately 50°C when the flue draught was 8 Pa higher than in the 
standard test [Article II]. Excessive draught can be restricted with a chimney-draught 
limiter. The problem is that the value of an excessive draught is not known. 
6.1.1 Actual use of fireplaces 
The way fireplaces are used has a considerable impact on their flue gas temperatures. 
As fireplaces are often considered simple and easy-to-operate appliances, users often 
do not read the manufacturer’s instructions or follow them accurately. It is difficult 
to notice excessively high flue gas temperatures to prevent the user from overheating 
the fireplace. With more intense heating, the highest temperatures can be hundreds 
of degrees above the flue gas temperature indicated on the CE marking of the 
fireplace [Article I]. It is very hard to estimate the size of wood batch without 
weighing, but in the study a double wood batch was used to demonstrate the effects 
of overloading on temperatures. The larger batch raised the highest temperature of 
flue gases by more than 100°C [Article II]. A normal wood batch and one twice the 
size are shown in Figure 6.1. The double batch considerably increased the flue gas 
temperature, causing a potential fire risk if the chimney attached to this fireplace is 
not designed for the higher temperature level. 
One solution to avoid overloading is to design the firebox such that there is no 
room for an oversized batch. In this case, the fireplace would not be overloaded 
even if the firebox was completely filled and the solution provides sufficient space 
above the firewood for an effective burning process. However, many sauna stoves 
on the market have a firebox twice as big as the maximum wood batch given in the 
manufacturer’s instructions, so a potential risk exists of flue gas temperatures 
exceeding the temperatures used in the chimney design. 
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Figure 6.1  a) Normal wood batch (1.4 kg). b) A wood batch twice as large (2.8 kg). 
Ignition dampers are used in slow heat release appliances where the flue gas channels 
inside the appliance are long and it is difficult to provide sufficient flue draught for 
ignition. A shorter access is therefore provided for the flue gases from the firebox 
into the chimney through a damper temporarily open during the ignition. Inha et al 
[2011] performed two tests using a slow heat release appliance with an ignition 
damper. The measured flue gas temperatures were 120°C higher when the ignition 
damper was left open. In normal use, the damper is open during the ignition and 
closed when the fire has well ignited. 
6.1.2 Flue gas temperature for the designing of a chimney 
The tests for fireplaces conducted in this research show that the flue gas temperature 
can be hundreds of degrees higher than temperature given in the CE marking of 
fireplaces. Therefore, the mean flue gas temperature of the nominal heat output test 
can be too low for the design of chimneys. Site conditions and the way fireplaces are 
operated also have an impact on flue gas temperatures. In addition, the draught of 
the chimney can be much higher than in the tests of fireplaces. A higher draught 
raises the temperature of flue gases. 
In this study, a very limited number of fireplaces were tested, so it was not 
possible to design a completely new test. It would also have been difficult and time-
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consuming to get new testing methods into the standards. The temperature safety 
test for fireplaces is designed to emulate the continuous intense heating of a fireplace, 
so it would be natural also to use the same conditions and results for chimney design. 
In Article I, it was proposed that the highest temperature of the temperature safety 
test be used. The justification for the maximum temperature is that, even if more 
conservative than the mean temperature, the solution provides some level of safety 
margin. Also, the tests carried out in real use and actual site conditions (see Article 
II) demonstrate that the conditions can vary a lot and a safety margin is needed. The 
current method of determining flue gas temperature is shown in Figure 6.2 a) and 
the proposed new method of determining flue gas temperature is shown in Figure 
6.2 b). In this example, the proposed new method would raise the design temperature 
by approximately 125°C. This in turn would lead to chimney class T400 instead of 
T300. 
a) b)  
Figure 6.2  a) Flue gas temperatures in the nominal heat output test of the room heater and 
during the additional batch. Horizontal dashed line represents the mean 
temperature recorded in the CE marking. b) Flue gas temperatures in the 
temperature safety test of the room heater. Horizontal dashed line represents the 
proposed flue gas temperature to chimney design. 
 65 
6.2 Chimney penetration 
The analysis focuses on the influence of the position of the chimney in the roof and 
on the effect of the hot gas measurement point on the basis of data obtained by the 
experimental tests. 
6.2.1 Hot gas temperature measurement point 
EN standard tests for fireplaces and chimneys measure flue gas temperature at 
different locations. The flue gas temperature of the fireplaces is determined 
according to the standards at 1.43 m from the top of the fireplace (see Tf2 in Figure 
6.3a). The flue gas temperature cools down in the chimney, so closer to the fireplace 
the flue gas temperature is higher than the flue gas temperature measured at the 
standard point. The chimney penetration through the roof can be closer to the 
fireplace than the standard measuring point. For chimney testing, the gas measuring 
point is located in the horizontal flue pipe 1.4 m below the chimney penetration, 
refer to Tc1 in Figure 6.3b). Also, in the chimney testing the hot gas cools down. The 
flue gas temperature Tc1 used in chimney testing is 100°C higher than the required 
chimney temperature class based on temperature measurements Tf2. This 100°C 
difference does not necessarily cover the cooling of the flue gas between measuring 
points at Tc1 and Tc2 in Figure 6.3b). It would not be necessary to consider the 
cooling of the gas temperature if the measuring points were the same in both tests.  
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Figure 6.3  Gas temperature measurement points used in the experiments on a) fireplaces and 
b) chimneys and a table showing the average temperatures determined in different 
experiments. Tf2 and Tc1 refer to the flue gas temperatures monitored in the EN 
standard tests for fireplaces and chimneys, respectively. 
Gas temperature measurement points used in the experiments on fireplaces and 
chimneys and average temperatures determined in the different experiments of this 
study are shown in Figure 6.3. Although the chimney is tested at a temperature of 
700°C (Tc1), the actual gas temperature in the penetration can be significantly lower 
538°C (Tc2) as can be seen in Figure 6.3. This means that the chimney and chimney 
penetration are tested at a lower gas temperature than the fireplace produces. The 
situation is even worse in a soot fire situation. According to Peacock tests [1986], 
the peak temperature of a soot fire can be over 1,200°C, but the typical peak 
temperature range is 800°C to 1,000°C. The burning can occur at the chimney 
penetration, but in the chimney testing the gas temperature at the penetration is not 
known. Although the chimney is tested at a temperature of 1,000°C, the actual gas 
temperature in the penetration can be only 591°C as shown in Figure 6.3. The 
difference in temperature measured according to the standard EN 1859 and that 
measured in the vicinity of the chimney roof penetration depends on the chimney 
characteristics. Based on the above analysis, the hot gas temperatures in the EN 1859 
test should be measured as near as possible to the chimney roof penetration to 
correctly determine the temperature of the soot fires.  
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6.2.2 Test set-up 
The position of the chimney in the EN standard test structure does not represent 
the worst condition in which a chimney may operate. In real installations, chimneys 
are usually completely surrounded by a roof that offers lower thermal diffusivity than 
the walls of the test structure. By comparing the temperatures estimated for the 
corner test structure and those for the axisymmetric test structure, the highest 
temperature has been obtained for the latter scenario. This is due to the fact that a 
chimney completely surrounded by an insulating layer is in a more critical condition 
than that in the test structure where heat can find an easier way out through the 
timber wall construction. The highest temperatures measured in a chimney test in 
the middle of the chimney penetration are shown in Figure 6.4. As measured from 
standard points, the temperature is below 85°C and the test is approved. However, 
when measured from the floor insulation side, the temperature is almost 70°C 
higher. The highest temperature measured from an axisymmetric test structure and 
installation was 160°C [Article III]. Based on these results, the chimney should be 
installed at the centre of the test roof, and test temperature measurement should be 
placed in the insulation material, not in the timber wall structure. 
  
Figure 6.4  Highest temperatures measured in the chimney test in the middle of the chimney 
penetration. 
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6.2.3 Effects of different factors on the temperature in the penetration 
There are several factors that can increase the temperatures in the chimney 
penetration. The effects of various factors are studied and analysed in Article III, 
Article IV and Inha et al. [2011]. The main results are summarised in Table 6.1 
[Leppänen et al. 2017]. It can be seen from the results that increasing the penetration 
temperatures to the level of the ignition temperature typically requires the 
simultaneous action of several factors. The exception is the thickening of the roof 
insulation layer. In addition, moderately long use of fireplaces or the burning of soot 
fires is typically needed. However, light metal chimneys are more sensitive to 
temperatures higher than the tested ones because they have less heat-retaining mass 
than masonry chimneys. 
Table 6.1  Effect of various factors on the temperature in a chimney penetration. 
 
The effects of higher flue gas temperatures on the combustible materials of the 
penetration construction are analysed in detail in Article III in two different 
chimneys. The effects are highly dependent on the chimney construction and on the 
penetration insulation. The effect of the insulation thickness on the temperatures of 
combustible materials is based on tests performed by Inha et al. [2011]. In these tests, 
the flue gas temperature used was higher than in the standard EN 1859 testing. The 
higher gas temperature increases the difference in temperatures. The effect of the 
smouldering combustion is estimated at up to 100°C. However, the effect can be 
higher based on the tests of Article IV and chimney tests by Inha et al. [2011] where 
the temperature difference between two consecutive tests was as high as 276°C and 
170°C, respectively.  
 69 
6.2.4 Temperature limits defined by adjacent structures and materials 
The standard chimney test method of EN 1859 limits the maximum temperatures 
of structures adjacent to the chimney to 85°C. Exposure to high temperatures at the 
chimney penetrations is usually short-term (some minutes to a few hours). Under 
short-term exposure, the 85°C temperature limit would seem to apply to wood and 
wood-based materials. Matson et al [1959] made a comprehensive study of wood 
ignition temperatures including tests on different wood species. They presented a 
compilation of experimental tests where ignition temperatures were around 200°C 
or higher, but under long-term exposure the ignition temperatures were lower. After 
20 hours of exposure, lower ignition temperatures can be as low as 120°C [Kordina 
et al. 1983.] In some instances, the exposure times to chimneys and chimney 
penetration structures may be quite long, especially when the chimney passes 
through efficient thermal insulation. 
According to the specifications of different plastic insulation materials, the flash 
ignition temperatures of these materials are 300°C to 500°C [McGee 2006]. The 
main problem with plastic-based insulation materials is their softening and 
dimensional instability at relatively low temperatures. EPS and XPS insulations, in 
particular, may have defective deformations already before the 85°C temperature 
limit specified in standard EN 1856 1 for normal operating conditions is achieved 
[Malaska et al. 2017]. In addition, the thermal diffusivity of PUR and PIR insulation 
materials are lower than the thermal diffusivity of the mineral wool used in chimney 
tests. This further raises temperatures near the penetration.  
6.3 How to improve the chimney EN test method to suit Finnish 
conditions 
6.3.1 Installation of chimneys in Finland 
A Finnish house, for instance, normally has an insulated ceiling below a ridge roof. 
The second possibility is for the insulation layer to follow the shape of the roof. In 
chimney test standard [EN 1859], the insulation thickness of the floors is 200 mm. 
The insulation thicknesses in real structures vary considerably in Europe. In Finland, 
it is nowadays typical to use insulating layers over 400 mm and even 600 mm thick. 
The test arrangements for metal chimneys and the most typical actual installation 
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examples of metal chimneys in Finland are shown in Figure 6.5. According to the 
standard [EN 1859], the clearance can be made without insulation material. In 
Finland, there is always insulation material in the clearance for thermal insulation 
reasons.  
  
Figure 6.5  a) Test arrangement of metal chimneys. b) Installation example: Thermally-
insulated ceiling and uninsulated roof. c) Installation example: Thermally-insulated 
roof. 
6.3.2 New test arrangement 
Metal chimneys are tested according to standard EN 1859. Based on this study, a 
few improvements to the test arrangement of chimneys can be proposed. The 
proposed test arrangement is more in line with the actual conditions in Finland. Hot 
gas temperature should be measured in the penetration. Thicker roof insulations are 
taken into consideration (this is being added to the test standard of chimneys [prEN 
13216-1:2016]). The chimney should be installed at the centre of the roof in the test 
structure and no open clearance should be used between the chimney and insulation. 
The temperature of combustible material by the penetration should be measured in 
the insulation material and not at the corner on the surface of the timber wall 
structure. The current test arrangement and new proposed test arrangement are 
shown in Figure 6.6. The proposed changes concern the test structure and the 
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location of the measurement points. The results of this study did not indicate needs 
for changes in details of the standard test method such as gas temperatures, tests 
durations or temperature limits. 
  
Figure 6.6  a) Current standard test arrangement of metal chimneys (EN 1859) and b) New 
proposed test arrangement. 
6.4 Requirements for penetration insulation 
Temperatures in a chimney penetration can be affected by the smouldering 
combustion of mineral wool’s organic content. There have been recent fires where 
the chimney penetration has caught fire during the first heating of a new chimney. 
Many factors affect the fire, and smouldering combustion is not the only one. It is, 
however, a highly potential fire risk. Once the mineral wool binder has burnt, it will 
no longer produce heat. The problem cannot be avoided by heating the fireplace less 
during the first few times. At lower temperatures, organic matter combustion may 
not occur, but when the fireplace is then heated more intensively at a later stage, the 
organic content burns and releases the additional heat. At the roof penetration, even 
a small rise in temperature can cause ignition if the temperature is already near the 
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ignition temperature due to, for example, the other potential reasons listed in Table 
6.1, so the burning of the binder should be limited at the chimney penetration. 
In EN standard tests on chimneys [EN 1859], the temperature is not measured 
in the penetration insulation. In the tests, only the temperature of gas and 
combustible material is measured, so the temperature in the mineral wool is not 
known. It is therefore not known how close the ignition temperature is to the 
chimney test situation, but the best way to prevent the problem is to restrict the 
insulation materials to be used in the chimneys and near the penetrations of 
chimneys. A small amount of organic matter may be acceptable, but more research 
is needed to define a safe limit value. Additional heat should be determined at 
different amount of organic content. Based on this, a safe limit amount of organic 
content could be defined.   
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7 CONCLUSIONS 
Laboratory tests and field experiments have been carried out on fireplaces. The tests 
show that the use of current EN standards for fireplaces does not always lead to fire-
safe chimney design. The mean flue gas temperature of the nominal heat output test 
is too low to present the actual flue gas temperatures in residential homes in Finland. 
In this thesis, the influence of several factors on the fire safety of metal chimneys 
has been investigated experimentally. The study highlighted the differences between 
the conditions in real installations and those in the thermal performance test 
prescribed by standard EN 1859. Research showed that the temperatures measured 
in the tests performed according to the standard EN 1859 can be lower than the 
maximum temperature that may occur in real installations.  
Laboratory tests have also been carried out on penetration insulation products 
made of mineral wool to investigate their performance when exposed to high 
temperature levels. The test results showed that the temperatures in the chimney 
penetration area can be significantly affected by the possible smouldering 
combustion of the organic material in mineral wool. Due to the additional heat 
release from smouldering, the ignition temperatures of combustible roof 
construction materials located adjacent to chimney penetration may be exceeded 
during normal fireplace operation. The temperatures can increase by over 100°C for 
a limited period of time. 
7.1 Flue gas temperatures 
Based on the results of this study, it can be concluded that the EN standard test 
conditions for fireplaces do not represent the actual site conditions and the real 
fireplace operation adequately. In some field tests, the flue gas temperatures and 
chimney draught levels significantly exceeded those of the standard laboratory tests. 
The mean flue gas temperatures measured during the room heater and sauna stove 
tests were approximately 100°C higher than the flue gas temperatures given by the 
manufacturers in the CE marking of the fireplaces.  
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Chimney design is currently based on the mean flue gas temperature of the 
nominal heat output test given in the CE marking of a fireplace. The temperature 
safety test is designed to emulate the continuous intense heating of a fireplace and 
the results of this study show that it reflects better the actual conditions and 
temperatures. However, the current test standard does not require the flue gas 
temperatures to be monitored during the temperature safety test. In the laboratory 
tests, the highest flue gas temperatures of the tested fireplaces measured in the 
temperature safety test were 124°C to 381°C higher than those given on the CE 
marking. In order to provide adequate fire safety margin, it is proposed that flue gas 
temperatures also be monitored in temperature safety tests and that the chimney 
design temperature be selected based on this data. 
In the nominal heat output test of fireplaces, the flue draught is set to 12 Pa. In 
the temperature safety test, the draught of the chimney is increased to 15-17 Pa. In 
the field tests, draught levels as high as 30-40 Pa were measured in normal operation, 
which significantly exceed the level used in standard tests. The higher draught of the 
chimney raises the temperature of flue gases. 
The exact recommended wood batch sizes are not normally used when heating a 
fireplace nor is draught control necessarily done properly. Both these faulty 
operations can increase the flue gas temperature by more than 100°C. If the 
possibility of misuse is ignored in the chimney and chimney penetration design, the 
design may lead to a lower temperature class than a fire-safe construction would 
require. This creates a potential fire risk. 
In this study, it was not possible to design a completely new test method, but the 
temperature safety test for fireplaces is designed to simulate continuous intense 
heating of a fireplace, so it would be natural also to use the same condition and 
results in chimney design. Currently chimney design is, however, based on the results 
of the nominal heat output test, which is assumed to simulate the normal operation 
of a fireplace where flue gas temperatures appear to be lower than in the temperature 
safety test. Based on laboratory and field experiments [Articles I and II], the flue gas 
temperature may be higher in actual use than flue gas temperatures in the 
temperature safety test, so the average temperature of the flue gases in the 
temperature safety test is not sufficient for chimney design. Instead, the highest 
temperature of the temperature safety test, for example, must be used to achieve an 
adequate level of safety. 
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7.2 Chimney penetration 
7.2.1 Hot gas temperature measurement point 
The flue gas temperature of the fireplace is measured at the height of the possible 
chimney penetration, but in chimney testing, the hot gas temperature is measured 
1.4 m below the chimney penetration. For chimney testing, hot gas can drop over 
150°C between the standard measurement point and the chimney penetration, so 
the chimney may be tested at too low a flue gas temperature. The highest risk is in 
the chimney thermal shock test as, in a soot fire, burning can occur just at the 
chimney penetration. The test results show that the flue gas temperature at the roof 
penetration may be 350°C lower than the test temperature, so the hot gas 
temperature measurement point should be situated in the roof penetration.  
7.2.2 Test set-up of chimneys 
The study highlighted the differences between the conditions in real installations and 
those in the thermal performance test prescribed by the standard EN 1859 for the 
certification of metal chimneys. The experimental results show that the surface 
temperatures to EN 1859 in the test structure do not represent the maximum 
temperatures that may occur in real chimney installations. 
The position of the chimney in the test structure, in a corner of the roof and near 
two walls, does not represent the worst condition in which a chimney may operate. 
In real installations, chimneys are usually completely surrounded by a roof that offers 
lower thermal conductivity than the walls of the test structure. In the study [Article 
III], a corner test was conducted as described in the standard EN 1859. The 
combustible material temperatures were measured from the wooden corner wall 
construction as described in EN 1859 and from the roof insulation. The 
temperatures measured from the roof insulation were about 60°C higher than those 
measured on the walls. Another test was conducted with an axisymmetric test 
structure where temperatures were measured from the surface of the roof insulation. 
The temperature results were even higher than those of the corner test. It is therefore 
proposed that the chimney be installed at the centre of the test floor and that 
temperatures be measured on the insulation material, not on the wood construction. 
The chimney test arrangement should be changed as shown in Section 6.3.2. 
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7.2.3 Smouldering of the organic content of mineral wool 
The results of this study showed that conditions in chimney penetrations are 
favourable for the smouldering combustion of the organic material in mineral wool 
insulation products used in the chimney penetrations. Experiments on mineral wool 
specimens show that smouldering combustion can increase the insulation 
temperature by hundreds of degrees, which in turn can increase the temperatures of 
combustible roof construction materials located adjacent to chimney penetration by 
over 100°C for a limited period of time. The effects of this phenomenon on the 
temperatures were greatest when the insulation material is exposed to 500°C – 600°C 
temperatures and the thickness of the test specimen was 100 mm. Many factors 
increase the temperatures in the chimney penetration, and several factors can affect 
the temperature simultaneously. If the temperature is already near the ignition level 
temperature, even a small rise can cause ignition. The smouldering combustion can 
be a potential fire hazard if the heat release is not limited to fire-safe levels. 
This risk can be prevented by restricting the amount of organic material in 
insulation materials. Insulation materials containing organic material can be used in 
chimneys and chimney penetrations. However, the amount of organic matter must 
be limited. The test results of this study were not yet comprehensive enough to 
define a safe limit value and further research is required. Additional temperature rise 
due to smouldering combustion of the organic material should be determined for 
different amount of organic content. Based on this, a safe limit amount of organic 
content could be defined. 
7.3 Suggestion for further research 
People's way of using and operating fireplaces 
This thesis has focused on the standard testing of fireplaces. In addition, this study 
has used the fireplaces according to the operating instructions in the field tests. In 
the study, it was not possible to study people's actual way of using fireplaces. The 
way fireplaces are used has a considerable impact on their flue gas temperatures. 
Actual conditions and their effect on the draught of chimneys and flue gas 
temperatures of fireplaces 
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In the study, it was not possible to study the variations of typical conditions on the 
draught of the chimney and on the temperature of the flue gases of the fireplace. In 
long-term constant measuring in actual locations, it is possible to estimate the effect 
of both the conditions and the use. 
Wall penetrations of metal chimneys 
An analysis of the wall penetrations of metal chimneys test should be performed. A 
testing method would have to be developed for the wall penetrations of metal 
chimneys. 
The effect of the amount of organic content of mineral wool on heat release  
Only one product has been used in the tests presented in Article IV. Using different 
products, it is possible to see how the amount of organic content influences heat 
release. 
General model of the heat release of the burning of the organic content of 
mineral wool  
A numerical study of the heat equation reveals the location and moment in time 
where heat release has an effect on the temperature field. The result of numerical 
modelling provides the heat release function of time and position, but a more 
complex smouldering combustion model needs to be studied in order to predict 
temperature peak in mineral wool generally. 
Developing a non-combustible test method 
A new non-combustible test method should be developed, which would take the 
burning of the organic content of insulation material into consideration. The 
smouldering combustion of the organic content of the insulation material would 
have to be distinctly evident in the method, and the criteria would have to be tight 
enough to prevent heat release on the penetration of the chimney. 
 78 
REFERENCES 
1. Achenbach, P. R., Cole, S. D. 1948. Performance of Fourteen Masonry 
Chimneys Under Steady State Conditions. Heating, Piping and Air 
Conditioning, Vol. 20, No. 10, 119 128, October 1948. 
2. Babrauskas, V., Gray, B. F., and Janssens, M. L. 2007. Prudent Practices for 
the Design and Installation of Heat-Producing Devices near Wood 
Materials, Fire & Materials 31, 125-135 (2007). 
3. Buffo S. and Dadone P. N. 2007. Studio statistico vigili del fuoco di Brescia 
sulle cause dell’incendito tetto (in italian) 
http://www.vigilfuoco.it/aspx/notizia.aspx?codnews=7616 
4. Drysdale D. 1998. An Introduction to Fire Dynamics. Second Edition. John 
Wiley & Sons Ltd. 451 p. 
5. EN 1443:2003 Chimneys. General requirements. Brussels: European 
Committee for Standardization (CEN). 39 p. 
6. EN 13240:2001/A2:2004/AC:2007. Roomheaters fired by solid fuel. 
Requirements and test methods. Brussels: European Committee for 
Standardization (CEN). 70 p.  
7. EN 13384-1:2015 Chimneys. Thermal and fluid dynamic calculation 
methods. Part 1: Chimneys serving one heating appliance. Brussels: 
European Committee for Standardization (CEN). 99 p. 
8. EN 15250:2007 Slow heat release appliances fired by solid fuel. 
Requirements and test methods. Brussels: European Committee for 
Standardization (CEN). 63 p. 
9. EN 15821:2010 Multi-firing sauna stoves fired by natural wood logs. 
Requirements and test methods. Brussels: European Committee for 
Standardization (CEN). 55 p. 
10. EN 1856-1:2009 Chimneys. Requirements for metal chimneys. Part 1: 
System chimney products. Brussels: European Committee for 
Standardization (CEN). 55 p. 
11. EN 1859:2009+A1:2013 Chimneys. Metal Chimneys. Test Methods. 
Brussels: European Committee for Standardization (CEN). 48 p. 
 79 
12. EN 13501-1+A1:2010 Fire classification of construction products and 
building elements. Part 1: Classification using data from reaction to fire tests. 
Brussels: European Committee for Standardization (CEN). 54 p. 
13. Hakala V-M., Hoivanen R., Jäntti J. et al. 2014. Fire investigations of Finnish 
rescue services in 2012. Chapter 3: Chimney and fireplace as causes of fire. 
Partnership network of Finnish rescue services. 37 p. (in Finnish), 
http://www.pelastuslaitokset.fi/upload/1456234705_ 
paloteemaraportti.pdf 
14. Hansen F.H., Hjelmeland T., Landrø H., Østnor A. 1997 Partly report: 
Cracking in flue liner of multi-wall chimney – Investigation concerning 
future fire risk and function. Trondheim 1997, Sintef Energy. Norwegian 
Fire Research Laboratory, STF84 A97625. 51 p (In Norwegian) 
15. Hansen F.H., Hjelmeland T., Østnor A. 1998. Heating method for solid fuel 
roomheaters. SINTEF Civil and Environmental Engineering, Norwegian 
Fire Research Laboratory, STF22 A98830. 42 p (In Norwegian) 
16. Inha T., Leppänen P., Peltomäki M. & Pentti M. 2011. Fire safety of light-
weight metal chimneys. Tampere University of Technology, Department of 
Civil Engineering. Research report no. PALO 1950/2011. 52 p. + 25 p. app. 
(In Finnish) 
17. Inha T., Leppänen P., Peltomäki M. & Pentti M. 2012. Flue gas temperature 
of fireplaces. Tampere University of Technology, Department of Civil 
Engineering. Research report no. PALO 2133/2012. 22 p. + app. 20 p. 
18. Ketola J. and Kokki E. 2014. Finnish rescue services pocket statistics 2009-
2013. Emergency Services College 
Publication.http://www.pelastusopisto.fi/download/52289_D2_2014.pdf?
76d6b9ec4b15d188 
19. Ketola J. and Kokki E. 2015. Finnish rescue services pocket statistics 2010-
2014. Emergency Services College Publication. 
http://info.smedu.fi/kirjasto/Sarja_D/D3_2015.pdf 
20. Koistinen R., Saastamoinen J. & Aho M. 1986. Mechanism of combustion 
of solid fuel particle. A review. Espoo 1986, Technical Research Centre of 
Finland, Research Notes 555. 89 p. (In Finnish) 
21. Kokki E. and Taskinen J. 2013. Finnish rescue services pocket statistics 2
 008-2012. Emergency Services College Publication. 
http://www.pelastusopisto.fi/download/52291_D5_2013.pdf?b1f9c0bd12
bdd388 
 80 
22. Kordina K., Meyer-Ottens C. 1983. Holz Brandschutz Handbuch. ISBN 3-
410-57041-1. 
23. Leppänen P. 2010. Fire safety of metal chimneys. Master’s Thesis. Tampere 
University of Technology, Department of Civil Engineering.  51 p. 
(In Finnish) 
24. Leppänen P., Malaska M. 2017. Fire safety of metal chimneys in real use in 
households. IFireSS 2017 – 2nd International Fire Safety Symposium 
Naples, Italy, June 7-9, 2017 
25. Malaska M., Leppänen P. 2017. Fire-safe installation of metal chimneys 
through plastic-based insulation materials. IFireSS 2017 – 2nd International 
Fire Safety Symposium Naples, Italy, June 7-9, 2017 
26. Matson A.F., Dufour R.E., and Breen J.F. 1959. Survey of Available 
Information on Ignition of Wood Exposed to Moderately Elevated 
Temperatures, Part II of "Performance of Type B Gas Vents for Gas-Fired 
Appliances" (Bull. of Research 51), Underwriters' Laboratories, Inc., 
Chicago (1959). 
27. McGee P. 2006. Composite Panel. What are Composite Panels? Tech 
Bulletin. No. 10. 2006. http://risktech.com.au/wp-
content/uploads/2012/09/No.10-Composite-Panels.pdf 
28. Mitchell N.D. 1949. Fire Hazards Tests with Masonry Chimneys. NFPA 
Quarterly, Vol. 43, No. 2, 117 134, October 1949.   
29. Murtokare H. 2012. Roof safety survey report 2012, The Central Association 
of Chimney Sweeps. 40 p. (In Finnish) 
http://www.nuohoojat.fi/binary/file/-/id/9/fid/104/ 
30. Neri M., Luscietti D., Fiorentino A., Pilotelli 2015:1. M. Experimental 
analysis of chimneys in wooden roofs. Fire Technology DOI 
10.1007/s10694-015-0525-7 
31. Neri M., Luscietti D., Bani S., Fiorentino A., Pilotelli M. 2015:2. Analysis of 
the temperatures measured in very thick and insulating roofs in the vicinity 
of a chimney. Journal of Physics: Conference Series, Volume 655, 
conference 1, doi:10.1088/1742- 6596/655/1/012019 
32. Neri M., Luscietti D., Bani S., Fiorentino A., Pilotelli M. 2015:3. Chimney in 
wooden roofs: a 3D steady numerical model for the prediction of the 
temperatures. ASME-ATI-UIT 2015 Conference. Napoli 
33. Neri M., Leppänen P., Bani S., et al. 2016. Experimental and computational 
study of the temperature field around a chimney roof penetration. Fire 
Technol 2016; 52: 1799–1823.  
 81 
34. Neri M. 2016. Experimental and numerical analysis of heat transfer in 
chimney roof penetration in relation to the overheating of flammable 
materials. Thesis. Universita degli Studi di Brescia. 
35. Peacock RD. 1986. Chimney fires: intensity and duration. Fire Technology. 
223: 234–252 
36. Peacock R.D. 1987:1. Wood Heating Safety Research: An Update. Fire 
Technology 23, no. 4 (1987), p. 292-312. 
37. Peacock R.D. 1987:2. Thermal Performance of Masonry Chimneys and 
Fireplaces. U.S. Department of Commerce National Bureau of Standards 
National Engineering Laboratory Center for Fire Research, NBSIR 87-
35315. 175 p. 
38. prEN 13216-1:2016 Chimneys – General test methods for system chimneys 
39. Read R.E.H., Morris W.A. 1993. Aspect of fire precautions in buildings. 
Building research establishment. 148 p. 
40. Saarnivuo T. 2005. Fires caused by fireplaces and chimneys in the 2004: 
Reasons, causes, damages and changes. Finnish Safety and Chemicals 
Agency (TUKES). report 24 p. (In Finnish) 
41. Shields T.J., Silcock G.W.H. 1987. Buildings and fire. Longman Scientific & 
Technical. 452 p. 
42. Törmänen M. 2005. Fires caused by fireplaces and chimneys: Reasons, 
causes, damages and changes. Finnish Safety and Chemicals Agency 
(TUKES). report. 25 p. (In Finnish) 
43. Vuorelainen O. 1958. Wood as a fuel and wood-fired appliances. The State 
Institute for Technical Research, Report – Series III - Building 25. 115 p. (In 
Finnish)  
 82 
 
 83 
PUBLICATIONS 
 
 
 
Publication I  Leppänen P., Inha T. & Pentti M. An experimental study on the 
effect of design flue gas temperature on the fire safety of chimneys, 
Fire Technology, Vol. 51, Issue 4, 20 June 2014, pp. 847-866 
Publication II Leppänen P., Malaska M., Inha T. & Pentti M. Experimental study 
on fire safety of chimneys in real use and actual site conditions. 
Journal of Building Engineering, Vol. 14, November 2017, pp. 41-
54 
Publication III Leppänen P., Neri M., Luscietti D., Bani S., Pentti M., Pilotelli M., 
Comparison between European chimney test results and actual 
installations. Journal of Fire Sciences, Vol. 35, Issue 1, January 2017, 
pp. 62-79 
Publication IV Leppänen P., Neri M., Mäkinen J. Heat release caused by the 
smouldering combustion of the binder of rockwool. Journal of 
structural mechanics. Vol. 48, No 1, 2015, pp. 68-82 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 84 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 PUBLICATION 
I 
An experimental study on the effect of design flue gas temperature on the 
fire safety of chimneys 
Leppänen P., Inha T. & Pentti M 
Accepted manuscript, final version published in Fire Technology 51(4), 847–866,  
DOI: 10.1007/s10694-014-0415-4 
Publication reprinted with the permission of the copyright holders. 
 
  
  
 
 
 
 
 
 
$QH[SHULPHQWDOVWXG\RQWKHHIIHFWRIGHVLJQIOXHJDV
WHPSHUDWXUHRQWKHILUHVDIHW\RIFKLPQH\V
$FFHSWHGPDQXVFULSWILQDOYHUVLRQSXEOLVKHGLQ)LUH7HFKQRORJ\±
'2,V

WĞƌƚƚƵ>ĞƉƉćŶĞŶΎ͕dŝŵŽ/ŶŚĂĂŶĚDĂƚƚŝWĞŶƚƚŝ͕
 ĞƉĂƌƚŵĞŶƚŽĨŝǀŝůŶŐŝŶĞĞƌŝŶŐ͕dĂŵƉĞƌĞhŶŝǀĞƌƐŝƚǇŽĨdĞĐŚŶŽůŽŐǇ͕W͘K͘ŽǆϲϬϬ͕ϯϯϳϮϬ
 dĂŵƉĞƌĞ͕&ŝŶůĂŶĚ
ΎŽƌƌĞƐƉŽŶĚŝŶŐĂƵƚŚŽƌ͗ƉĞƌƚƚƵ͘ůĞƉƉĂŶĞŶΛƚƵƚ͘Ĩŝ

$EVWUDFW
5HFHQWO\QXPHURXVILUHVKDYHVWDUWHGLQ)LQODQGDURXQGURRISHQHWUDWLRQVRIPHWDOFKLPQH\V2QHUHDVRQIRUWKHILUHVLV
WKH KLJK IOXH JDV WHPSHUDWXUHV RI ILUHSODFHV (1 VWDQGDUGV GR QRW GHWHUPLQH WKH IOXH JDV WHPSHUDWXUHV RI ILUHSODFHV
PHDQW IRU WKH VSHFLILFDWLRQ RI WHPSHUDWXUH FODVVHV RI FKLPQH\V$W SUHVHQW WKH GHVLJQ RI FKLPQH\V LV EDVHG RQ WKH
WHPSHUDWXUH LQGLFDWHG LQ WKH &( PDUNLQJ RI ILUHSODFHV 7KH WHPSHUDWXUH LQGLFDWHG LQ WKH &( PDUNLQJ LV WKH PHDQ
WHPSHUDWXUHRI WKHQRPLQDO WHVW7HVWVRQGLIIHUHQW ILUHSODFHVZHUH FRQGXFWHG)OXHJDV WHPSHUDWXUHVRI WKHILUHSODFHV
ZHUHPHDVXUHGGXULQJ D QRPLQDO WHVW D VDIHW\ WHVW DQG H[WUD KHDWLQJ(YHQ LQ WKH QRPLQDO WHVW WKH KLJKHVW IOXH JDV
WHPSHUDWXUHZDVWR&KLJKHUWKDQWKHPHDQWHPSHUDWXUH7KHKLJKHVWIOXHJDVWHPSHUDWXUHLQWKHVDIHW\WHVWVZDV
DERXWWR&KLJKHUWKDQWKHPHDQ WHPSHUDWXUHLQGLFDWHGLQWKH&(PDUNLQJ'XULQJWKHH[WUDKHDWLQJWHVW WKH
KLJKHVWIOXHJDVWHPSHUDWXUHZDVWR&KLJKHUWKDQWKDWLQGLFDWHGLQWKH&(PDUNLQJ'XHWRWKHSUHVHQWPHWKRG
RIGHWHUPLQLQJIOXHJDVWHPSHUDWXUHVFKLPQH\VPD\EHWHVWHGDWDWRRORZWHPSHUDWXUH
.H\ZRUGV IOXHJDVWHPSHUDWXUHILUHSODFHFKLPQH\ILUHVDIHW\WHVW

,QWURGXFWLRQ
7KHUHDUHDERXWPLOOLRQGHWDFKHGKRXVHV>@DQGDERXWPLOOLRQYDFDWLRQKRPHVLQ)LQODQG>@$OPRVWDOO
GHWDFKHGKRXVHVLQWKHFRXQWU\KDYHDILUHSODFH±PDQ\KDYHVHYHUDO3UDFWLFDOO\DOOYDFDWLRQKRPHVDUHDVVXPHG
WRKDYHDILUHSODFH,Q)LQODQGILUHZRRGSURYLGHGDERXWRIWKHKHDWLQJHQHUJ\FRQVXPHGE\GHWDFKHGKRXVHV
LQ$VXUYH\LQGLFDWHGWKDWWKHXVHRIILUHZRRGLQKHDWLQJGHWDFKHGKRXVHVKDGLQFUHDVHGLQ
\HDUV>@:RRGLVRIWHQXVHGDVDQDGGLWLRQDOKHDWVRXUFH3HRSOHZDQWWRLQFUHDVHWKHXVHRIILUHZRRGEHFDXVHLW
LVDUHQHZDEOHIXHO
,Q UHFHQW \HDUV PDQ\ ILUHV LQ )LQODQG KDYH VWDUWHG DURXQG PHWDO FKLPQH\ URRI SHQHWUDWLRQV $FFRUGLQJ WR
/HSSlQHQ¶V VWXG\ >@ PHWDO FKLPQH\V FDXVHG DQ DYHUDJH RI  ILUHV LQ )LQODQG LQ ± $WKHPDWLF
LQYHVWLJDWLRQRIILUHVVWDUWHGIURPILUHSODFHVDQGFKLPQH\VZDVFRQGXFWHGDW)LQQLVKILUHDQGUHVFXHVWDWLRQVLQ
>@7KHUHYLHZFRYHUHGVWDWLRQV$WRWDORIILUHVUHODWHGWRWKHWKHPHZHUHUHFRUGHG2IWKHILUHV
KDGVWDUWHG IURPILUHSODFHVDQGIURPFKLPQH\V$VSDUNIURP WKHILUHSODFH VWDUWHGRI WKH ILUHV
RULJLQDWLQJ IURP ILUHSODFHV2I WKH ILUHV VWDUWHG IURP FKLPQH\V  LQYROYHGPHWDO FKLPQH\V ,QRI WKH
FDVHVLQYROYLQJFKLPQH\VWKHILUHKDGVWDUWHGIURPDURRISHQHWUDWLRQDQGLQIURPDZDOOSHQHWUDWLRQRID
PHWDOFKLPQH\
7KHQXPEHURIILUHVVWDUWHGE\PHWDOFKLPQH\VLQ)LQODQGLVUHDOO\VLJQLILFDQWDVPHWDOFKLPQH\VKDYHEHFRPH
FRPPRQ KHUH RQO\ UHFHQWO\$ URRI VDIHW\ VXUYH\ E\ FKLPQH\ VZHHSV LQ  UHYHDOHG WKDWPHWDO FKLPQH\V
DFFRXQWHG IRU DERXW  RI WKH WRWDO >@ 7KH VXUYH\ FRYHUHG  EXLOGLQJV LQ GLIIHUHQW SDUWV RI )LQODQG ,Q
DGGLWLRQDQLQTXLU\WDUJHWLQJFKLPQH\VZHHSVLQFRQQHFWLRQZLWKWKLVVWXG\WRZKLFKFKLPQH\VZHHSVIURP
GLIIHUHQWSDUWVRI)LQODQGUHVSRQGHGDVNHGDERXWWKHSUHYDOHQFHDQGILUHKD]DUGVUHODWHGWRPHWDOFKLPQH\V'XH
WR WKHVPDOOVDPSOH WKHUHVXOWVZHUHRQO\ LQGLFDWLYHEXWFOHDUHQRXJK7KHUHVXOWVRI WKH LQTXLU\DUHVKRZQLQ
7DEOH


 
7DEOH6KDUHVRIGLIIHUHQWFKLPQH\W\SHVRIDOOWKHFKLPQH\VRIWKHUHVLGHQWLDOEXLOGLQJVRIWKHZKROHEXLOGLQJ
VWRFNLQ)LQODQGDWGLIIHUHQWSHULRGV

$FFRUGLQJWRLQTXLU\VKDUHRIWKHPHWDOFKLPQH\VLVDERXWRIDOOWKHFKLPQH\VRIWKHUHVLGHQWLDOEXLOGLQJV
DW WRGD\,W LVDODUPLQJWKDWLQDSSUR[LPDWHO\RIFKLPQH\VFDXVHGRYHURIDOOFKLPQH\LQGXFHG
ILUHV LQ )LQODQG 0RUHRYHU ZDOO SHQHWUDWLRQV RI PHWDO FKLPQH\V WKDW DFFRXQWHG IRU DERXW  RI DOO PHWDO
FKLPQH\ SHQHWUDWLRQVZHUH UHVSRQVLEOH IRU D WKLUG RI DOO ILUHV LQGXFHG E\PHWDO FKLPQH\V7KH UHVXOWV DUH VR
FOHDUWKDWWKHUHLVQRGRXEWDERXWWKHVLJQLILFDQFHRIWKHSUREOHPHYHQWKRXJKWKHVDPSOHVDUHVPDOODQGFDQEH
ELDVHG7KHSUREOHPLVPDGHHYHQPRUHVLJQLILFDQWE\WKHIDFWWKDWDOOPHWDOFKLPQH\VLQ)LQODQGDUHUHODWLYHO\
QHZ)LUHVDIHW\SUREOHPVZLWKEULFNPDVRQU\FKLPQH\VDUHPDLQO\GXHWRGHJUDGDWLRQZLWKDJH,QD VWXG\E\
,QKDHWDO>@RQWKHILUHVDIHW\RIOLJKWZHLJKWPHWDOFKLPQH\VKLJKIOXHJDVWHPSHUDWXUHVRIVDXQDVWRYHVZHUH
IRXQGWREHRQHFDXVHRIILUHV
7KHREMHFWLYHRIWKLVUHVHDUFKZDVWRGHWHUPLQHWKHGLIIHUHQFHEHWZHHQWKHIOXHJDVWHPSHUDWXUHVRIWKHQRPLQDO
KHDW RXWSXW WHVW DQG WKH WHPSHUDWXUH VDIHW\ WHVW$QRWKHU DLPZDV WR HYDOXDWH KRZXVHRI ILUHSODFHVGHYLDWLQJ
IURPWKHWHVWVDIIHFWVIOXHJDVWHPSHUDWXUHV7KHUHVHDUFKDLPHGWRHVWDEOLVKZKHWKHUWKHPHDVXUHPHQWPHWKRG
XVHGLQILUHSODFHWHVWVDFFRUGLQJWR(1VWDQGDUGVSRVHVDILUHVDIHW\ULVNLQWKHFDVHRIFKLPQH\V7KLVDUWLFOHLV
UHODWHG WR D ODUJHU UHVHDUFK HQWLW\ RQ WKH ILUH VDIHW\ RI ILUHSODFHV DQG FKLPQH\V ,WV SXUSRVH LV WR GHWHUPLQH
ZKHWKHUWKHWHVWLQJRIILUHSODFHVFRUUHVSRQGVWRWKHLUDFWXDOXVHLQ)LQODQG7KHFRPSDWLELOLW\RI ILUHSODFHVDQG
FKLPQH\V WHVWHG DFFRUGLQJ WR(1 VWDQGDUGV DQG WKH ILUH VDIHW\RI WKHSHQHWUDWLRQVRIPHWDO FKLPQH\V DUH DOVR
VWXGLHG
)OXHJDVWHPSHUDWXUHVRIILUHSODFHV
7KHFRPEXVWLRQRIZRRGFDQEHGLYLGHGLQWRWKUHHSKDVHV(YDSRUDWLRQRIPRLVWXUH'LVLQWHJUDWLRQRIWKH
IXHOGXHWRWHPSHUDWXUHLHS\URO\VLVDQG%XUQLQJRIWKHUHVLGXDOFRNH(YDSRUDWLRQRIPRLVWXUHDQGS\URO\VLV
DUHKHDWFRQVXPLQJSKDVHV7KHFRPEXVWLRQRIS\URO\WLFJDVHVDQGUHVLGXDOFRNHDUHKHDWJHQHUDWLQJSKDVHV,I
WKHSDUWLFOHVL]HRIIXHOLVODUJHWKHSKDVHVRFFXUVLPXOWDQHRXVO\3\URO\VLVRIZRRGWDNHVSODFHDWDERXWWR
&>@7KHVKDUHRIYRODWLOHVXEVWDQFHVLQDLUGU\ZRRGLVDERXW7KXVZRRGEXUQVZLWKDORQJIODPH
'XULQJFRPEXVWLRQWKHWHPSHUDWXUHRIWKHIODPHLVDIIHFWHGE\WKLQJVVXFKDVWKHPRLVWXUHLQWKHZRRGDQGWKH
DPRXQWRIH[FHVVDLU:RRGIODPHVHPLWUHODWLYHO\VWURQJUDGLDWLRQDVWKHLUZDWHUYDSRXUDQG&2FRQWHQWVDUH
KLJKDQGWKH\FRQWDLQJORZLQJFDUERQSDUWLFOHV>@7KHEXUQLQJRIZRRGLVLQWHQGHGWRSURGXFHHQHUJ\WKURXJK
FRPEXVWLRQ7KXVWKHKHDWRIIOXHJDVHVHVFDSLQJLQWRWKHFKLPQH\LVZDVWHGKHDW
7KH ILUH VDIHW\RI WKH ILUHSODFHV DQG FKLPQH\VKDVQRW EHHQ VWXGLHG LQ UHFHQW \HDUV )OXHJDV WHPSHUDWXUHVRI
ILUHSODFHVZHUHPHDVXUHGLQDVWXG\E\3HDFRFNLQWKH¶V >@7KHVWXG\LQFOXGHGW\SLFDOFRPPHUFLDO
ILUHSODFHVLQWKH86$)OXHJDVWHPSHUDWXUHVRIWKHWHVWHGILUHSODFHVDUHSUHVHQWHGLQ7DEOH7KHVWXG\UHYHDOHG
WKDWWKHW\SLFDOILUHSODFHVIRUVDOHLQWKH¶VSURGXFHGKLJKHUIOXHJDVWHPSHUDWXUHVWKDQWKHRQHVVWXGLHG
\HDUVHDUOLHU,Q3HDFRFN¶VWHVWV>@WKHKLJKHVWIOXHJDVWHPSHUDWXUHVLQQRUPDOKHDWLQJZLWKZRRGDVIXHOZHUH
WR&LQRYHUKHDWLQJWR&DQGZLWKFRDODVIXHOWR&
 
ϭϵϴϬΖƐ ϭϵϵϬΖƐ ϮϬϬϬΖƐ ϮϬϭϬΖƐ
ZĂŶŐĞ ϭƚŽϭϯй ϯƚŽϭϯй ϰƚŽϮϬй ϰƚŽϮϬй
ǀĞƌĂŐĞ ϱй ϳй ϭϬй ϭϭй
ZĂŶŐĞ ϬƚŽϭϬй ϬƚŽϭϱй ϭƚŽϮϱй ϭƚŽϱϬй
ǀĞƌĂŐĞ ϯй ϳй ϭϮй ϭϲй
ZĂŶŐĞ ϴϱƚŽϵϵй ϴϬƚŽϵϱй ϲϬƚŽϵϮй ϰϬƚŽϵϬй
ǀĞƌĂŐĞ ϵϮй ϴϳй ϳϳй ϳϯй
DĞƚĂůĐŚŝŵŶĞǇ
ůŽĐŬĐŚŝŵŶĞǇ
DĂƐŽŶƌǇĐŚŝŵŶĞǇ
7DEOH)OXHJDVWHPSHUDWXUHVRIILUHSODFHVLQ3HDFRFN
VWHVWV>@

+DQVHQ HW DO >@ SHUIRUPHG ODERUDWRU\ WHVWV IURP FUDFNLQJ RI FKLPQH\V 7KH FKLPQH\V ZHUH VXEMHFWHG WR
VWDQGDUG WHVWV DQG WHVWV XVLQJ FKRSSHGELUFK ILUHZRRG ,Q WKH WHVWV IOXHJDV WHPSHUDWXUHVZHUHPHDVXUHG IURP
VHYHUDOSRLQWV7KHPHDQYDOXHVRIWKHKLJKHVWIOXHJDVWHPSHUDWXUHVDWGLIIHUHQWPHDVXUHPHQWSRLQWVLQQRUPDO
KHDWLQJRYHUKHDWLQJDQGFKLPQH\ILUHWHVWVDUHSUHVHQWHGLQ7DEOH7KHFKLPQH\XVHGLQWKHWHVWVZDVDEORFN
FKLPQH\
7DEOH0HDQVRIKLJKHVWIOXHJDVWHPSHUDWXUHVLQWKHWHVWVE\+DQVHQHWDO>@

,QWKHOLJKWRI3HDFRFN
VWHVWVLWLVHYLGHQWWKDWIOXHJDVWHPSHUDWXUHVFDQH[FHHG&LQILUHSODFHV,QRI
WKHWHVWHGILUHSODFHVIOXHJDVWHPSHUDWXUHVH[FHHGHG&7KHXVHRIWKHILUHSODFHLVDOVRVLJQLILFDQWVLQFHWKH
GLIIHUHQFH LQ IOXH JDV WHPSHUDWXUHV EHWZHHQ QRUPDO XVH DQG RYHUKHDWLQJPD\ H[FHHG & )LUHSODFHV KDYH
FHUWDLQO\GHYHORSHGEXWWKHSRVVLELOLW\RIIOXHJDVWHPSHUDWXUHVH[FHHGLQJ&FDQQRWEHH[FOXGHGHVSHFLDOO\
XQGHU FRQWLQXRXV LQWHQVH KHDWLQJ +RZHYHU WKH KLJKHVW WHPSHUDWXUH FODVV RI FKLPQH\V LV 7 ZKLFK LV
GHVLJQHGIRUDPD[LPXPIOXHJDVWHPSHUDWXUHRI&>@
0HDVXUHPHQWRIIOXHJDVLQILUHSODFH(1VWDQGDUGV
7KHUHDUHPDQ\NLQGVRIZRRGEXUQLQJILUHSODFHVURRPKHDWHUVLQVHWDSSOLDQFHVUHVLGHQWLDOFRRNHUVVORZKHDW
UHOHDVH DSSOLDQFHV DQG VDXQD VWRYHV 5RRP KHDWHUV DUH YHU\ FRPPRQ LQ DURXQG (XURSH  6ORZ KHDW UHOHDVH
DSSOLDQFHV DQG VDXQD VWRYHV DUH YHU\ FRPPRQ LQ )LQODQG EXW OHVV FRPPRQ HOVHZKHUH LQ (XURSH 6ORZ KHDW
UHOHDVHDSSOLDQFHVDQGVDXQDVWRYHVDUHXVHGGLIIHUHQWO\WKDQRWKHUNLQGVRIILUHSODFHV$IWHUDIHZEDWFKHVDUH
EXUQHGLQVORZKHDWUHOHDVHDSSOLDQFHVWKH\UHOHDVHKHDWLQWRDURRPVSDFHIRUVHYHUDOKRXUV6DXQDVWRYHVPXVW
KHDW WKHVDXQDURRPTXLFNO\ WR WKHEDWKLQJ WHPSHUDWXUHRI WR&DIWHUZKLFK WKHWHPSHUDWXUHKDV WREH
PDLQWDLQHG,QDGGLWLRQWKHVDXQDVWRYHPXVWNHHSWKHWHPSHUDWXUHRIWKHVDXQDVWRYHVWRQHVDWDERXW&
)LUHSODFHV DUH VXEMHFWHG WR D QRPLQDO KHDW RXWSXW WHVW DQG D WHPSHUDWXUH VDIHW\ WHVW LQ DFFRUGDQFH ZLWK (1
VWDQGDUGV7KH IRUPHUGHVFULEHV WKHSODQQHGXVHRI WKHILUHSODFHZKLOH WKH ODWWHU LV LQWHQGHG WRHQVXUH WKH ILUH
VDIHW\RIWKHDUHDDURXQGWKHILUHSODFH,Q(1VWDQGDUGWHVWVDWQRPLQDOKHDWRXWSXWSURSHUWLHVVXFKDVHIILFLHQF\
KHDWRXWSXWDQGHPLVVLRQVDUHGHWHUPLQHGIRUILUHSODFHV6DIHW\GLVWDQFHVRIILUHSODFHVDUHGHWHUPLQHGLQDVDIHW\
WHVW:KHQ WHVWLQJ D URRPKHDWHU DW QRPLQDO KHDW RXWSXW WKH ILUHSODFH LV KHDWHG DFFRUGLQJ WR WKH LQVWUXFWLRQV
VSHFLILHGLQWKHVWDQGDUG,QWKHVDIHW\WHVWRIDURRPKHDWHUZRRGEDWFKHVFDOFXODWHGRQWKHEDVLVRIWKHDUHDRI
WKH ILUHER[ ERWWRP DUH EXUQHG XQWLO WKH VXUIDFH WHPSHUDWXUHV RI WKH DGMDFHQW ZDOO KDYH VWDELOLVHG 7KH ZDOO
VWUXFWXUHZDVPDGHRIPPSO\ZRRGDQGPPPLQHUDOZRRO LQVXODWLRQ7KH WHVWLQJRI URRPKHDWHUV DQG
LQVHWDSSOLDQFHVDFFRUGLQJWR(1VWDQGDUGVLVYHU\VLPLODU>@%XUQLQJUDWHSHUIRUPDQFHWHVWRIVORZKHDW
UHOHDVH DSSOLDQFHV DFFRUGLQJ WR WKH (1 VWDQGDUG WDNHV SODFH XVLQJ WKH ZRRG EDWFKHV VSHFLILHG E\ WKH
PDQXIDFWXUHU7KHVDIHW\WHVWRIDVORZKHDWUHOHDVHDSSOLDQFHXVHVDGRXEOHEDWFKDQHZEDWFKRIWKHVDPHVL]H
LVEXUQHGDIWHUDEXUQLQJUDWHSHUIRUPDQFHWHVW>@7KHWHVWRIDVDXQDVWRYHDWQRPLQDOKHDWRXWSXWDFFRUGLQJWR
WKH(1VWDQGDUGWDNHVSODFHLQWKHVDXQDWHVWURRPVSHFLILHGLQWKHVWDQGDUG7KHWHPSHUDWXUHRIWKHVDXQDWHVW
URRPPXVW UHDFK&XVLQJWKHEDWFKHVVSHFLILHGE\ WKHPDQXIDFWXUHU7KHVDIHW\ WHVWRIDVDXQDVWRYH WDNHV
SODFHLQWKHVPDOOHVWVDXQDWHVWURRPE\YROXPHVSHFLILHGIRUWKHVDXQDVWRYH,QWKHWHVWWKHWHPSHUDWXUHRIWKH
VDXQDWHVWURRPLVDOORZHGWRVWDELOLVHDW&DIWHUZKLFKGUDXJKWLVLQFUHDVHGWR3Dି଴ାଶ DQGWKHILUHER[LV
ILOOHGWRWKHXSSHUHGJHRILWVRSHQLQJ,QWKHWHVWWKHWHPSHUDWXUHRIWKHVDXQDWHVWURRPPXVWUHDFK&LILW
LVQRW UHDFKHGDQRWKHUEDWFK LVDGGHG >@$FFRUGLQJ WR WKHVWDQGDUG LW LVQRWQHFHVVDU\ WRPHDVXUHIOXHJDV
WHPSHUDWXUHVLQWKHWHPSHUDWXUHVDIHW\WHVWRIDILUHSODFH
7HVWLQJRIFKLPQH\VDFFRUGLQJWRVWDQGDUGV(1DQG(1
7KH WKHUPDO UHVLVWDQFH RI D PHWDO FKLPQH\ LV WHVWHG E\ IHHGLQJ KRW JDV LQWR LW XQWLO HTXLOLEULXP LV UHDFKHG
(TXLOLEULXPLVFRQVLGHUHGWRKDYHEHHQUHDFKHGZKHQWKHWHPSHUDWXUHRIWKHWHVWFKLPQH\RUVWUXFWXUHLQFUHDVHV
E\QRPRUHWKDQ&PLQ7KHVXUIDFHWHPSHUDWXUHRIDQ\FRPEXVWLEOHPDWHULDODW WKHVDIHW\GLVWDQFHIURP
&ůƵĞŐĂƐƚĞŵƉĞƌĂƚƵƌĞ ϯϬϬͲϰϬϬΣ ϰϬϬͲϱϬϬΣ ϱϬϬͲϲϬϬΣ ϲϬϬͲϳϬϬΣ ϳϬϬͲϴϬϬΣ
EƵŵďĞƌŽĨ&ŝƌĞƉůĂĐĞƐ ϭ ϯ Ϭ ϵ ϱ
^ƚĂŶĚĂƌĚ ŝƌĐŚ ^ƚĂŶĚĂƌĚ ŝƌĐŚ
&ůƵĞŐĂƐĐŽŶŶĞĐƚŽƌ ϯϯϮΣ ϱϴϰΣ ϴϳϵΣ ϱϵϰΣ
ϭŵĨƌŽŵƚŚĞĨůƵĞŐĂƐĐŽŶŶĞĐƚŽƌ ϮϲϲΣ ϰϰϭΣ ϲϳϬΣ ϱϬϴΣ
ϰŵĨƌŽŵƚŚĞĨůƵĞŐĂƐĐŽŶŶĞĐƚŽƌ ϮϰϬΣ ϯϱϱΣ ϰϰϴΣ ϯϳϵΣ
DĞĂƐƵƌŝŶŐƉŽŝŶƚ EŽƌŵĂůŚĞĂƚŝŶŐ KǀĞƌŚĞĂƚŝŶŐ
WKH FKLPQH\ PXVW QRW H[FHHG & ZKHQ DPELHQW WHPSHUDWXUH LV & &KLPQH\V GHVLJQDWHG DV VRRWILUH
UHVLVWDQWDUHDOVRVXEMHFWHGWRDFKLPQH\ILUHWHVW,QWKHWHVWKRWJDVWHPSHUDWXUHPXVWEH&&&
IRU  PLQXWHV DIWHU ZKLFK WKH KRW JDV JHQHUDWRU LV WXUQHG RII 7KH WHPSHUDWXUHV RI WKH FKLPQH\ DQG WKH
VXUURXQGLQJ DUHD DUHPRQLWRUHG XQWLO WKH\ UHDFK WKHPD[LPXP YDOXH DQG VWDUW WR IDOO 7KHPD[LPXP VXUIDFH
WHPSHUDWXUH RI FRPEXVWLEOH PDWHULDOVPXVW QRW H[FHHG &ZKHQ DPELHQW WHPSHUDWXUH LV & ,I DPHWDO
FKLPQH\LVGHVLJQHGWRZLWKVWDQGDVRRWILUHLWVWKHUPDOUHVLVWDQFHLVFKHFNHGE\DWKHUPDOUHVLVWDQFHWHVWEHIRUH
DQGDIWHUWKHVRRWILUHUHVLVWDQFHWHVW>@
(1VWDQGDUGVSUHVHQW WHPSHUDWXUHFODVVHVIRUFKLPQH\V77777777
77DQG77KHQXPEHUUHIHUVWRWKHPD[LPXPQRPLQDORSHUDWLQJWHPSHUDWXUH&7KHWHPSHUDWXUH
FODVVRIDFKLPQH\PXVWEHKLJKHUWKDQWKHIOXHJDVWHPSHUDWXUHLQGLFDWHGLQWKH&(PDUNLQJRIILUHSODFH,QWKH
KLJKHVWWHPSHUDWXUHFODVVHV77DQG7WKHKRWJDVWHPSHUDWXUHXVHGLQWHVWLQJWKHFKLPQH\LV&
KLJKHUWKDQWKHLQGLFDWHGWHPSHUDWXUHFODVV>@+RZHYHUDKLJKHUWHVWWHPSHUDWXUHGRHVQRWHQVXUHWKHVDIHW\RI
WKH FRQQHFWLRQ RI D ILUHSODFH DQG D FKLPQH\ VLQFH DFFRUGLQJ WR .DXNDQHQ¶V VXUYH\ >@ D WHVW WHPSHUDWXUH
KLJKHUWKDQWKHWHPSHUDWXUHFODVVLVLQWHQGHGWRFRYHUWKHGLIIHUHQWLQVWDOODWLRQYDULDWLRQVRIFKLPQH\V$PHWDO
FKLPQH\FDQEHWHVWHGDVIUHHVWDQGLQJRULQVWDOOHGLQDFRUQHUHQFORVHGRUQRWHQFORVHG,QWKHWHVWVWKHFKLPQH\
LVLQVWDOOHGXSULJKWDQGDKRUL]RQWDOSLSHLVFRQQHFWHGWRLWIRUIHHGLQJKRWJDV7KHWHPSHUDWXUHRIWKHKRWJDVLV
PHDVXUHG IURP WKHKRUL]RQWDOSLSH7KH WHVWFRUQHUKDV WZR IORRU VWUXFWXUHV WKH ILUVW RQHPPDERYH WKH
KRUL]RQWDOSLSH ,Q WHVWVRQ WKHFKLPQH\V WKH WHPSHUDWXUHRI WKHZRRG LVPHDVXUHGDW WKH VDIHW\GLVWDQFH IURP
WKHPDWWKHIORRUVWUXFWXUHVDQGPPEHORZWKHXSSHURQH>@
([SHULPHQWDO
$ VHULHV RI WHVWV ZDV SHUIRUPHG LQ RUGHU WR GHWHUPLQH WKH IOXH JDV WHPSHUDWXUHV RI ILUHSODFHV IRU XVH LQ
GLPHQVLRQLQJFKLPQH\V7HVWVZHUHUXQRQ WZRPXOWLILULQJZRRGEXUQLQJVDXQDVWRYHVRQHURRPKHDWHUDQG
WZRVORZKHDWUHOHDVHDSSOLDQFHVWRUHSUHVHQWGLIIHUHQWILUHSODFHW\SHV7KLVDUWLFOHSUHVHQWVWKHWHVWVDQGUHVXOWV
IRURQHVDXQDVWRYHRQHURRPKHDWHUDQGRQHVORZKHDWUHOHDVHDSSOLDQFH7KHWHVWVDUHEDVHGRQWKHVWXG\WKDW
KDVEHHQSHUIRUPHGLQ7DPSHUH8QLYHUVLW\RI7HFKQRORJ\787>@$WHPSHUDWXUHVDIHW\WHVWDQRPLQDOKHDW
RXWSXWWHVWDQGDEDWKLQJWHVWZHUHPDGHZLWKWKHVDXQDVWRYH$QRPLQDOKHDWRXWSXWWHVWDWHPSHUDWXUHVDIHW\
WHVWDQGDWHVWZLWKODUJHUZRRGEDWFKHVZHUHPDGHZLWKWKHURRPKHDWHUDQGWKHVORZKHDWUHOHDVHDSSOLDQFHV
'UDXJKW DQG IOXH JDV WHPSHUDWXUH LV PHDVXUHG E\ D .LPR 03  PLFURPDQRPHWHU ZLWK D 73/7
PHDVXUHPHQWVHQVRU,QDGGLWLRQWRWKHPHDVXUHPHQWVVSHFLILHGLQWKHVWDQGDUGIOXHJDVWHPSHUDWXUHLVPHDVXUHG
IURPWKHIOXHJDVFRQQHFWRURIWKHILUHSODFHZLWKDW\SH.WKHUPRFRXSOHZLUHPP)OXHJDVWHPSHUDWXUH
DQGFRPSRVLWLRQLVPHDVXUHGDQGUHFRUGHGDWLQWHUYDOVRIPLQXWH7KHIOXHJDVWHPSHUDWXUHLQGLFDWHGLQWKH&(
PDUNLQJ LV WKH DYHUDJH RI IOXH JDV WHPSHUDWXUHVPHDVXUHG GXULQJ D QRPLQDO KHDW RXWSXW WHVW 7KH DYHUDJH LV
FDOFXODWHGIURPUHVXOWVPHDVXUHGDWLQWHUYDOVRIRQHPLQXWHGXULQJWKHWHVWSHULRG7KHWHVWSHULRGIRUWKHVDXQD
VWRYHEHJLQV DW LJQLWLRQ DQGHQGV DIWHU&2 FRQWHQW KDV IDOOHQ WR >@7KH DYHUDJH IRU WKH WHVWHG VDXQD
VWRYHZDVFDOFXODWHGRQWKHEDVLVRIWKHQRPLQDOWHVWRYHU±PLQ:LWKWKHURRPKHDWHUWKHWHVWSHULRGVWDUWV
DIWHU WKH LJQLWLRQDQGSUHWHVWLQJSHULRGDQGHQGVZKHQ WKHEDVLF ILUHEHG LVDFKLHYHG >@7KHDYHUDJH IRU WKH
WHVWHGURRPKHDWHUZDVFDOFXODWHGRQWKHEDVLVRIWKHQRPLQDOWHVWRYHU±PLQ7KHWHVWSHULRGIRUDVORZ
KHDWUHOHDVHDSSOLDQFHEHJLQVDWLJQLWLRQDQGHQGVZKHQ&2FRQWHQWKDVIDOOHQWRRURIWKHSUHYLRXV
PD[LPXP&2FRQWHQWLVDFKLHYHG7KHDYHUDJHIRUWKHWHVWHGVORZKHDWUHOHDVHDSSOLDQFHZDVFDOFXODWHGRQWKH
EDVLV RI D QRUPDO XVH WHVW RYHU ± PLQ 7KH LQGLFDWHG PD[LPXP IOXH JDV WHPSHUDWXUH LV WKH KLJKHVW
WHPSHUDWXUH PHDVXUHG GXULQJ WKH WHVW 7HVW DUUDQJHPHQW DQG PHDVXUHPHQW RI WHPSHUDWXUH SUHVVXUH DQG
FRQVWLWXHQWVRIIOXHJDVHVLVSUHVHQWHGLQ)LJXUH7KHILUHSODFHVZHUHFRPPRQFRPPHUFLDOILUHSODFHV5HODWHG
LQIRUPDWLRQLVSUHVHQWHGLQ7DEOH

)LJXUH7HVWDUUDQJHPHQWDQGPHDVXUHPHQWRIWHPSHUDWXUHSUHVVXUHDQGFRQVWLWXHQWVRIIOXHJDVHV
7DEOH,QIRUPDWLRQRQWHVWHGILUHSODFHV

7HVWLQJRIZRRGEXUQLQJVDXQDVWRYHV
7HVWV RQ VDXQD VWRYHV ZHUH PDGH DFFRUGLQJ WR VWDQGDUG (1 0XOWLILULQJ VDXQD VWRYHV ILUHG E\
QDWXUDOZRRGORJV5HTXLUHPHQWVDQGWHVWPHWKRGV7HVWVDWQRPLQDOKHDWRXWSXWXVHGWKHEDWFKVL]HVVSHFLILHGE\
WKHPDQXIDFWXUHU7KHILUHSODFHZDVQRW&(PDUNHGDWWKHWLPHRIWKHWHVWV1RZLWEHDUVD&(PDUNLQJVKRZLQJ
DQDYHUDJHIOXHJDV WHPSHUDWXUHRI&7KHZRRGEDWFKHVXVHG LQ WKH WHVW IRUD&(PDUNLQJZHUH VOLJKWO\
GLIIHUHQWWKDQLQWKLVWHVWNJNJDQGNJ7KHVDXQDVWRYHZDVGHVLJQHGIRUDQ±PVDXQD7KH
VDXQDVWRYH WKDWKDVEHHQXVHG LQ WKH WHVWV LVSUHVHQWHG LQ)LJXUH([DPSOHRI WKHFURVVVHFWLRQRI WKHVDXQD
VWRYH LV SUHVHQWHG LQ )LJXUH7KHZRRG EDWFKHVXVHG LQ WKH QRPLQDO KHDW RXWSXW WHVW RI WKH VDXQD VWRYH DUH
SUHVHQWHGLQ7DEOH7KHQRPLQDOKHDWRXWSXWWHVWRIDVDXQDVWRYHUHSUHVHQWVDVLWXDWLRQZKHUHDVDXQDLVKHDWHG
UHDG\IRUEDWKLQJ
+HLJKW :LGWK 'HSWK :HLJKW
PP PP PP NJLQFO6WRQHVNJ
PP PP PP NJ
PP PP PP NJ
6DXQDVWRYH
5RRPKHDWHU
6ORZKHDWUHOHDVHDSSOLDQFH

)LJXUH6DXQDVWRYHWKDWKDVEHHQXVHGLQWKHWHVWV
7DEOH:RRGEDWFKHVLQWHVWVRIVDXQDVWRYHDWQRPLQDOKHDWRXWSXW


,QGHYLDWLRQIURPWKHVWDQGDUGWKHWHPSHUDWXUHVDIHW\WHVWRQWKHVDXQDVWRYHZDVSHUIRUPHGLQDPVDXQD
WHVWURRP$FFRUGLQJWRWKHVWDQGDUGWKHWHVWVKRXOGEHSHUIRUPHGLQWKH VPDOOHVWSRVVLEOHVDXQDWHVWURRP$
ODUJHUVDXQDZDVXVHGLQWHVWZKHUHE\WKHVWRYHKDGWRKHDWDODUJHUVSDFHUHTXLULQJDELJJHUKHDWRXWSXWZKLFK
PD\KDYHLQFUHDVHGIOXHJDVWHPSHUDWXUHV,QWKLVWHPSHUDWXUHVDIHW\WHVWWZREDWFKORDGVZHUHUHTXLUHGWRUDLVH
WKHWHPSHUDWXUHRIWKHVDXQDWHVWURRPDERYH&7KHZRRGEDWFKHVXVHGLQWKHWHPSHUDWXUHVDIHW\WHVWRQWKH
VDXQDVWRYHDUHSUHVHQWHGLQ7DEOH
7DEOH:RRGEDWFKHVRIWKHWHPSHUDWXUHVDIHW\WHVWRQWKHVDXQDVWRYH

7KHQRPLQDOKHDWRXWSXWDQGWHPSHUDWXUHVDIHW\WHVWVRQDVDXQDVWRYHDUHVKRUWLQGXUDWLRQ,QUHDOLW\DVDXQD
EDWKPD\ODVWVHYHUDOKRXUVDQGDILUHEXUQVLQWKHPXOWLILULQJVWRYHIRUWKHGXUDWLRQ7KHUHIRUHLQDGGLWLRQWR
7LPH ,JQLWLRQ PLQ PLQ PLQ
%DWFK NJ NJ NJ
6DXQD
VWHPSHUDWXUH &
7LPH ,JQLWLRQ PLQ PLQ PLQ PLQ PLQ PLQ
%DWFK NJ NJ NJ NJ NJ
6DXQD
VWHPSHUDWXUH & & &
'UDXJKW
6DIHW\WHVW
3D 3D
3UHKHDWLQJRIWKHVDXQD
WKHWHVWVVSHFLILHGLQWKHVWDQGDUGDEDWKLQJWHVWZDVFDUULHGRXW,QWKHEDWKLQJWHVWSHRSOHWRRNDEDWKLQWKHWHVW
VDXQDGXULQJZKLFKZDWHUZDVWKURZQRQWKHVDXQDVWRYHWRSURGXFHVWHDP7KHEDWKLQJWHVWGRHVQRWFRUUHVSRQG
WR WKH QRUPDO ZD\ RI WDNLQJ D VDXQD EDWK 7\SLFDOO\ WKH VDXQD VWRYH LV KHDWHGZLWK ODUJHU EDWFKHV DQG OHVV
IUHTXHQWO\,QWKHEDWKLQJWHVWEDWFKFKDUJHVZHUHDGGHGLQRUGHUWRNHHSWKHWHPSHUDWXUHRIWKHVDXQDFRQVWDQW
$W WKHEHJLQQLQJRI WKHEDWK WKH WHPSHUDWXUHRI WKH VDXQDZDVDERXW WR&ZKLFK LV ORZHU WKDQQRUPDO
EDWKLQJ WHPSHUDWXUH$W WKH HQG RI WKH EDWKLQJ WHVW WKH WHPSHUDWXUH RI WKH VDXQDZDV DERXW &ZKLFK LV
KLJKHU WKDQ WKH DYHUDJH EDWKLQJ WHPSHUDWXUH7KH DLU H[FKDQJH UDWHZDV  WLPHV SHU KRXU DV VSHFLILHG LQ WKH
VWDQGDUG0RUHRYHU WKH DLU RI WKH VDXQD WHVW URRP H[FKDQJHG WKURXJK WKH FKLPQH\ GXH WR EXUQLQJ 7KH DLU
H[FKDQJHUDWHZDVKLJKHUWKDQQRUPDOO\LQWKHVDXQDV7KHEDWKLQJWHVWWULHGWRHPXODWHWKH)LQQLVKZD\RIXVLQJ
DVDXQDVWRYH7KHEDWKLQJWHVWVWRRNSODFHLQDPVDXQD7KHGUDXJKWRIWKHEDWKLQJWHVWZDVVHWDW3D
ି଴
ାଶ ZKLFKLVXVHGLQWKHWHPSHUDWXUHVDIHW\WHVW%DWKLQJEHJDQPLQXWHVDIWHUWKHOLJKWLQJRIWKHVDXQDVWRYH
:RRGEDWFKHVDQGVDXQDWHPSHUDWXUHVRIWKHWHVWDUHSUHVHQWHGLQ7DEOH
7DEOH:RRGEDWFKHVRIWKHEDWKLQJWHVWRQWKHVDXQDVWRYH


)LJXUH([DPSOHRIWKHFURVVVHFWLRQRIWKHVDXQDVWRYH
7HVWLQJRIWKHURRPKHDWHU
7KH URRP KHDWHU ZDV WHVWHG DFFRUGLQJ WR VWDQGDUG (1 $$& 5RRP KHDWHUV ILUHG E\
VROLG IXHO 5HTXLUHPHQWV DQG WHVW PHWKRGV 7KH URRP KHDWHU ZDV D FDVW LURQ FRPPHUFLDO URRP KHDWHU ZLWK D
GHVLJQ QRPLQDO KHDW RXWSXW RI  N: 7KH GHFODUHG WKHUPDO HIILFLHQF\ RI WKH URRP KHDWHU LV  N: DW 
HIILFLHQF\7KHPHDQIOXHJDVWHPSHUDWXUHLQGLFDWHGLQWKH&(PDUNLQJLV&7KHILUHZRRGFKDUJLQJLQWHUYDO
7LPH ,JQLWLRQ PLQV PLQ PLQ PLQ PLQ PLQ PLQ
%DWFK NJ NJ NJ NJ NJ NJ NJ NJ
6DXQD
VWHPSHUDWXUH & & & & & & & &
7LPH PLQ PLQ PLQ PLQ PLQ PLQ PLQ PLQ
%DWFK NJ NJ NJ NJ NJ NJ NJ NJ
6DXQD
VWHPSHUDWXUH & & & & & & & &
UHFRPPHQGHGE\WKHPDQXIDFWXUHULVDERXWPLQXWHV7KHDPRXQWRIFKRSSHGILUHZRRGWREHDGGHGSLHFHV
DWDWLPHLVNJQRPLQDOKHDWRXWSXW7KHPD[LPXPDPRXQWRIILUHZRRGVXJJHVWHGE\WKHPDQXIDFWXUHULV
NJKPD[SLHFHVRUNJFKDUJH,QWKHWHPSHUDWXUHVDIHW\WHVWWKHVL]HRIIXHOEDWFKHVLVFDOFXODWHGRQ
WKHEDVLVRIWKHDUHDRIWKHILUHER[ERWWRP7KHVWDQGDUGGRHVQRWFRQVLGHUWKHKHLJKWRIWKHILUHER[7KHODUJH
VL]H RI WKH ILUHER[ RI PDQ\ URRP KHDWHUV DOORZV XVLQJ VLJQLILFDQWO\ ODUJHU ZRRG EDWFKHV WKDQ WKRVH RI WKH
WHPSHUDWXUHVDIHW\WHVW/DUJHUZRRGEDWFKHVPD\LQFUHDVHIOXHJDVWHPSHUDWXUHV:RRGEDWFKHVXVHGLQWHVWLQJ
WKH URRPKHDWHUDWQRPLQDOKHDWRXWSXWDQGGXULQJDGGLWLRQDO EDWFKHVDUHSUHVHQWHG LQ7DEOH:RRGEDWFKHV
XVHGLQWKHWHPSHUDWXUHVDIHW\WHVWVRIWKHURRPKHDWHUDUHSUHVHQWHGLQ7DEOH
7DEOH:RRGEDWFKHVXVHGLQWHVWLQJWKHURRPKHDWHUDWQRPLQDOKHDWRXWSXWDQGZLWKDGGLWLRQDOEDWFKHV


7DEOH:RRGEDWFKHVXVHGLQWKHWHPSHUDWXUHVDIHW\WHVWRIWKHURRPKHDWHU


7HVWLQJRIVORZKHDWUHOHDVHDSSOLDQFHV
7HVWVRQ WKH VORZKHDW UHOHDVH DSSOLDQFHZHUHPDGH DFFRUGLQJ WR VWDQGDUG(1 6ORZKHDW UHOHDVH
DSSOLDQFHVILUHGE\VROLGIXHO5HTXLUHPHQWVDQGWHVWPHWKRGV7KHILUHSODFHZDVQRW&(PDUNHGDWWKHWLPHRI
WKHWHVWV1RZLWEHDUVD&(PDUNLQJVKRZLQJDQDYHUDJHIOXHJDVWHPSHUDWXUHRI&7KHZRRGEDWFKHVXVHG
LQWKHWHVWIRUD&(PDUNLQJZHUHVOLJKWO\GLIIHUHQWWKDQLQWKLVWHVWNJNJDQGNJ7KHZRRGEDWFK
VL]HV XVHG LQ WKH WHVW DUH VSHFLILHG E\ WKH PDQXIDFWXUHU $IWHU WKH WHPSHUDWXUH VDIHW\ WHVW DQRWKHU WHVW ZDV
FRQGXFWHG XVLQJ D ZRRG EDWFK WZLFH WKH VL]H VSHFLILHG E\ WKH PDQXIDFWXUHU 7KH ILUHSODFH KDG DQ LJQLWLRQ
GDPSHU'XULQJWKHH[WUDEDWFKWKHLJQLWLRQGDPSHUZDVRSHQHGWRWHVWLWVHIIHFWRQIOXHJDVWHPSHUDWXUHV:KHQ
WKHLJQLWLRQGDPSHULVRSHQIOXHJDVHVIORZGLUHFWO\LQWRWKHVPRNHIOXHZLWKRXWFLUFXODWLQJWKURXJKWKHVPRNH
FDQDOVRIWKHILUHSODFH7KLVUHVXOWVLQKLJKHUIOXHJDVWHPSHUDWXUHVLQWKHVPRNHIOXH7KHLJQLWLRQGDPSHUPD\
EHNHSWRSHQIRUDVKRUWWLPHGXULQJLJQLWLRQ,WVSXUSRVHLVWRSURPRWHWKHIRUPDWLRQRIGUDXJKWLQWKHVPRNH
IOXH7KHZRRGEDWFKHVXVHGLQWKHWHVWLQJRIWKHVORZKHDWUHOHDVHDSSOLDQFHDUHSUHVHQWHGLQ7DEOH
7DEOH:RRGEDWFKHVLQWKHWHVWLQJRIWKHVORZKHDWUHOHDVHDSSOLDQFH

7HVWUHVXOWVDQGGLVFXVVLRQ
)OXHJDVWHPSHUDWXUHVRIVDXQDVWRYHWHVWVDWQRPLQDOKHDWRXWSXWLQWHPSHUDWXUHVDIHW\WHVWVDQGWKHEDWKLQJWHVW
DUHSUHVHQWHGLQ)LJXUHVWR)OXHJDVWHPSHUDWXUHVRIWHVWVRQWKHURRPKHDWHUDUHSUHVHQWHGLQ)LJXUHVDQG
 )OXH JDV WHPSHUDWXUHV RI WKH WHPSHUDWXUH VDIHW\ WHVW RQ WKH VORZ KHDW UHOHDVH DSSOLDQFH DQG GXULQJ WKH
DGGLWLRQDO EDWFK DUH SUHVHQWHG LQ )LJXUH  )OXH JDV WHPSHUDWXUH LV PHDVXUHG DQG UHFRUGHG DW LQWHUYDOV RI 
PLQXWH$VXPPDU\RIWKHIOXHJDVWHPSHUDWXUHVRIILUHSODFHVLQWKHWHVWVLVSUHVHQWHGLQ)LJXUH
7LPH ,JQLWLRQ PLQ PLQ PLQ PLQ PLQ PLQ PLQ PLQ
%DWFK NJ NJ NJ NJ NJ NJ NJ NJ NJ
'UDXJKW
3UHWHVW 1RPLQDOKHDWRXWSXWWHVW $GGLWLRQDOEDWFKHV
3D 3D
3UHWHVW
7LPH ,JQLWLRQ PLQ PLQ PLQ PLQ
%DWFK NJ NJ NJ NJ NJ
'UDXJKW 3D 3D
6DIHW\WHVW
%XUQLQJUDWHSHUIRUPDQFHWHVW 6DIHW\WHVW
,JQLWLRQ PLQ PLQ PLQ PLQ PLQ PLQ
NJNJ NJ NJ NJ NJ
2SHQ 2SHQ,JQLWLRQGDPSHU &ORVHG
$GGLWLRQDOEDWFK
7LPH
%DWFK
'UDXJKW 3D 3D 3D
)LJXUH)OXHJDVWHPSHUDWXUHVLQWHVWLQJWKHVDXQDVWRYHDWQRPLQDOKHDWRXWSXW

)LJXUH)OXHJDVWHPSHUDWXUHVLQWKHWHPSHUDWXUHVDIHW\WHVWRIWKHVDXQDVWRYH
)LJXUH)OXHJDVWHPSHUDWXUHVLQWKHEDWKLQJWHVWRIWKHVDXQDVWRYH

)LJXUH)OXHJDVWHPSHUDWXUHVLQURRPKHDWHUWHVWVDWQRPLQDOKHDWRXWSXWDQGGXULQJWKHDGGLWLRQDOEDWFK
)LJXUH)OXHJDVWHPSHUDWXUHVLQWKHWHPSHUDWXUHVDIHW\WHVWRIWKHURRPKHDWHU

)LJXUH)OXHJDVWHPSHUDWXUHVLQWKHWHPSHUDWXUHVDIHW\WHVWRIWKHVORZKHDWUHOHDVHDSSOLDQFHDQGGXULQJWKH
DGGLWLRQDOEDWFK
7KHKLJKHVWIOXHJDVWHPSHUDWXUHUHDFKHGLQWKHQRPLQDOKHDWRXWSXWWHVWRID ILUHSODFHZDVWR&DERYH
DYHUDJH IOXH JDV WHPSHUDWXUH ,Q WKH FDVH RI WKH WHVWHG URRP KHDWHU WKH KLJKHVW IOXH JDV WHPSHUDWXUH LQ WKH
QRPLQDOKHDWRXWSXWWHVWZDVRQO\&KLJKHUWKDQWKDWRIWKH&(PDUNLQJ7KLVLVSDUWO\GXHWKHIDFWWKDWWKH
DFWXDO WHVWLQJRI WKHURRPKHDWHUV LVSUHFHGHGE\DQ LJQLWLRQDQGSUHWHVWLQJSHULRG ,W LVHYLGHQWO\ LQWHQGHG WR
SURGXFHPRUHIDYRXUDEOHHPLVVLRQPHDVXUHPHQWUHVXOWVE\KHDWLQJWKHILUHER[EHIRUHWKHWHVW7KHKLJKHVWIOXH
JDVWHPSHUDWXUHLQWKHWHPSHUDWXUHVDIHW\WHVWZDVWR&DERYHWKHIOXHJDVWHPSHUDWXUHLQGLFDWHGLQWKH
&(PDUNLQJ7KHUHVXOWVDUHLQOLQHZLWKWKRVHRIWKHWHVWVHULHVFRQGXFWHGE\2UDYDLQHQ>@RQDVDXQDVWRYHD
URRPKHDWHUDQGDVORZKHDWUHOHDVHDSSOLDQFHZKHUHWKHKLJKHVWIOXHJDVWHPSHUDWXUHLQWKHQRPLQDOKHDWRXWSXW
WHVW ZDV  WR & KLJKHU WKDQ WKH IOXH JDV WHPSHUDWXUH RI WKH &( PDUNLQJ DQG WKH KLJKHVW IOXH JDV
WHPSHUDWXUHLQWKHWHPSHUDWXUHVDIHW\WHVWZDVWR&KLJKHUWKDQWKDWRIWKH&(PDUNLQJ$FRPSDULVRQ
RIWKHIOXHJDVWHPSHUDWXUHVRIILUHSODFHVLQGLIIHUHQWWHVWVLVSUHVHQWHGLQ)LJXUH

)LJXUH)OXHJDVWHPSHUDWXUHVRIWKHILUHSODFHVLQWKHGLIIHUHQWWHVWV,QWHVWVFRQGXFWHGE\2UDYDLQHQWKH
GUDXJKWGXULQJDGGLWLRQDOWHVWVZDV3D
7KHPHDVXUHG IOXH JDV WHPSHUDWXUHV RI WKH VORZKHDW UHOHDVH DSSOLDQFH FDQ EH FRPSDUHG WR2UDYDLQHQ
V >@
VWXG\RQWKHIOXHJDVWHPSHUDWXUHVRIVORZKHDWUHOHDVHDSSOLDQFHVGXULQJQRUPDOXVHDQGWHPSHUDWXUHVDIHW\
WHVWV 7KH SXUSRVH RI WKDW VWXG\ ZDV WR GHWHUPLQH D FRHIILFLHQW ZLWK ZKLFK WR PXOWLSO\ PHDQ IOXH JDV
WHPSHUDWXUHV WR REWDLQ WKH WHPSHUDWXUH RI WKH WHPSHUDWXUH VDIHW\ WHVW 7KH PHDQ FRHIILFLHQW GHWHUPLQHG IRU
ILUHSODFHVZDVUDQJLQJIURP±7KHIOXHJDVWHPSHUDWXUHLQGLFDWHGLQWKH&(PDUNLQJIRUWKHWHVWHG
VORZKHDWUHOHDVHDSSOLDQFHVZDV±&7KHPHDQRIWKHWHPSHUDWXUHVLQGLFDWHGLQWKH&(PDUNLQJRIWKH
WHVWHG ILUHSODFHVZDV&7KHKLJKHVW WHPSHUDWXUHVPHDVXUHG LQ WKH WHPSHUDWXUH VDIHW\ WHVWZHUH& WR
& 7KH PHDQ RI WKH PD[LPXP WHPSHUDWXUHV PHDVXUHG LQ WKH WHVWV ZDV & ,Q WHVWV WKDW KDYH EHHQ
SHUIRUPHGE\787WKHPHDQIOXHJDVWHPSHUDWXUHRIWKHWHVWHGVORZKHDWUHOHDVHDSSOLDQFHLQWKHQRPLQDOKHDW
RXWSXWWHVWZDV&ZKLFKPDNHVLWDQDYHUDJHVORZKHDWUHOHDVHDSSOLDQFHDVWHPSHUDWXUHLVFRQFHUQHG7KH
FRHIILFLHQWIRUPXOWLSO\LQJWKHPHDQWHPSHUDWXUHRIWKHQRPLQDOKHDWRXWSXWWHVWWRREWDLQWKHWHPSHUDWXUHRIWKH
WHPSHUDWXUH VDIHW\ WHVW LV  IRU WKH WHVWHG VORZKHDW UHOHDVH DSSOLDQFH ,W IDOOVZLWKLQ WKHPLGUDQJH RI WKH
GHWHUPLQHG FRHIILFLHQWV ± ,Q WKH FDVHRI WKH WHVWHG VDXQD VWRYH WKH FRHIILFLHQW LV  DQGZLWK WKH
URRPKHDWHU
'HWHUPLQDWLRQ RI WKH GHVLJQ IOXH JDV WHPSHUDWXUH RI ILUHSODFHV LV SUREOHPDWLF ZLWK DOO ILUHSODFH W\SHV WHVWHG
DFFRUGLQJWR(1VWDQGDUGV$FRPSDULVRQRIWKHWHVWVRQURRPKHDWHUVLQ)LJXUHUHYHDOVWKDW WKHGLIIHUHQFH
EHWZHHQ WKHPHDQ WHPSHUDWXUHRI WKHQRPLQDOKHDWRXWSXW WHVW DQG WKHKLJKHVW WHPSHUDWXUHRI WKH WHPSHUDWXUH
VDIHW\WHVWGHSHQGVPRUHRQHDFKLQGLYLGXDOILUHSODFHWKDQLWVW\SHURRPKHDWHUVDXQDVWRYH VORZKHDWUHOHDVH
DSSOLDQFH,QWKHFDVHRIWKHILUVWURRPKHDWHUWKHGLIIHUHQFHLVWKHVPDOOHVWRIDQ\WHVWHGILUHSODFHZKLOHLQWKH
FDVHRIWKHVHFRQGRQHLWLVWKHELJJHVW
7KHIDFWWKDW WKHIOXHJDVHVJHQHUDWHGE\DILUHSODFHDUHKRWWHUWKDQWKHJDVHVXVHGWRWHVW WKHFKLPQH\SRVHVD
SUREOHP +LJKHU WKDQ DVVXPHG IOXH JDV WHPSHUDWXUHV UDLVH WKH VXUIDFH WHPSHUDWXUHV RI WKH FKLPQH\ DQG LWV
VXUURXQGLQJV ZKLFK PD\ LJQLWH VXUURXQGLQJ VWUXFWXUHV 7KH LJQLWLRQ WHPSHUDWXUH RI ZRRG LV QRW D SK\VLFDO
TXDQWLW\EXWGHSHQGVRQFRQGLWLRQV%DEUDXVNDVHWDO >@IRXQG WKDWXQGHUVKRUWWHUPH[SRVXUHPLQXWHV WRD
IHZKRXUVWKHLJQLWLRQWHPSHUDWXUHRIZRRGLVDERXW&EXWXQGHUORQJWHUPH[SRVXUHLWFDQEHFRQVLGHUDEO\
ORZHU HYHQ DV ORZ DV &0DWVRQ HW DO >@PDGH D FRPSUHKHQVLYH VWXG\ RI ZRRG LJQLWLRQ WHPSHUDWXUHV
LQFOXGLQJ WHVWV RQ GLIIHUHQWZRRG VSHFLHV 7KH\ SUHVHQWHG D FRPSLODWLRQ RI H[SHULPHQWDO WHVWVZKHUH LJQLWLRQ
WHPSHUDWXUHV ZHUH DURXQG & RU KLJKHU EXW XQGHU ORQJWHUP H[SRVXUH WKH LJQLWLRQ WHPSHUDWXUHV ZHUH
VLJQLILFDQWO\ ORZHUHJE\VWHDPSLSHV8QGHU VKRUWWHUPH[SRVXUH WKH& WHPSHUDWXUH OLPLWZRXOGVHHP WR
KROGEXWLQORQJHUWHUPH[SRVXUHFHUWDLQW\GHFUHDVHV,QVRPHLQVWDQFHVWKHH[SRVXUHWLPHVWRFKLPQH\VPD\EH
TXLWHORQJHVSHFLDOO\ZKHQWKHFKLPQH\SDVVHVWKURXJKHIILFLHQWWKHUPDOLQVXODWLRQ
8VLQJ WKH KLJKHVW IOXH JDV WHPSHUDWXUH RI WKH WHPSHUDWXUH VDIHW\ WHVW RQ D ILUHSODFH LQ FKLPQH\ GHVLJQ LV WKH
VLPSOHVWDQGDMXVWLILDEOHRSWLRQ7KHWHPSHUDWXUHVDIHW\WHVWLVGHVLJQHGWRHPXODWHFRQWLQXRXVLQWHQVHKHDWLQJRI
D ILUHSODFH 7KHUHIRUH LW ZRXOG DOVR EH QDWXUDO WR GHULYH IOXH JDV WHPSHUDWXUHV IRU FKLPQH\ GHVLJQ IURP WKH
WHPSHUDWXUHVDIHW\WHVW+RZHYHUWKHWHPSHUDWXUHVDIHW\WHVWGRHVQRWUHSUHVHQWDFWXDOFRQWLQXRXVLQWHQVHKHDWLQJ
RIDILUHSODFHLQDOOUHVSHFWV)RUH[DPSOHWKHVDXQDVWRYHVDIHW\WHVWLVEDVHGRQWKHSULQFLSOHWKDWILUHZRRGLVQR
ORQJHUDGGHGLQWRWKHVWRYHZKHQWKHWHPSHUDWXUHRIWKHVDXQDH[FHHGV&<HWWKHUHDUHVDXQDVWRYHVRQWKH
PDUNHWLQ)LQODQGZKLFKDOORZDGGLQJZRRGEDWFKHVWKURXJKWKHZDOOIURPRXWVLGHWKHVDXQD$VWKHVDXQDFDQ
EHKHDWHGZLWKRXWHQWHULQJWKHVDXQDURRPLW LVHDVLO\SRVVLEOHWRRYHUKHDWWKHVDXQD,QDGGLWLRQVRPHVDXQD
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A B S T R A C T
In recent years, numerous building ﬁres have occurred in Finland where the ﬁre has started due to the ignition of
ﬂammable materials in the vicinity of metal chimney penetrations through ﬂoors, roofs and walls. Based on
onsite observations and experimental studies, one possible reason for the ignition is that the actual ﬂue gas
temperatures in real use in buildings are higher than those assumed for chimney design. An experimental study
has been conducted in the TUT Fire Laboratory at Tampere University of Technology to determine the actual site
conditions, identify the diﬀerence between the actual site conditions and the EN standard test conditions and
assess whether the diﬀerences aﬀect the ﬁre safety of chimney penetrations. This paper describes the results of
ﬁve site tests conducted in four diﬀerent residential buildings and a sauna. The results revealed that the actual
use of ﬁreplaces and site conditions may diﬀer signiﬁcantly from the test conditions of EN standards. The site
tests demonstrated higher ﬂue gas temperatures and stronger draughts than what speciﬁed for the EN standard
tests. The ﬂue gas temperatures measured onsite were 134° to 278 °C higher than the mean temperature in-
dicated in the CE marking of the tested ﬁreplaces. The results indicate that the ﬂue gas temperatures given in the
CE markings of ﬁreplaces may be too low for the designing of chimneys. This may cause a ﬁre hazard at chimney
penetrations.
1. Introduction
Increasing attention has been given to sustainable and energy-eﬃ-
cient buildings which require eﬃcient biomass-ﬁred heating systems,
insulation materials with better thermal properties and thicker thermal
insulation layers over the building envelope. Sustainable development
has also increased the use of biomass fuels, such as ﬁrewood and pel-
lets, in the production of warmth energy for the heating and hot water
supply of residential one- and multi-dwelling buildings. In advanced
systems, biomass installations are a part of a fully integrated system,
including solar power and geothermal heating. With this development,
interest to ﬁreplaces has increased in many countries. In Finland, for
example, approximately one ﬁfth of all detached, semi-detached and
terraced houses have wood-ﬁred heating. Almost all new one-family
houses have a ﬁreplace that is generally used as a secondary heat
source. The use of ﬁrewood and pellets has increased 20% in 15 years,
and they provided approximately 40% of the heating energy consumed
by detached houses in 2007–2008 [1]. In Sweden, biomass fuels have
also accounted for a large increase, and consumption was approxi-
mately 35% in 2013 [2].
The use of ﬁreplaces aﬀects buildings’ ﬁre safety. Despite
mandatory certiﬁcation procedures, a high number of ﬁres due to the
presence of chimneys has been reported in some European countries.
For example, in Finland, 700–900 building ﬁres caused by ﬁreplaces
and chimneys have been reported annually [3–5]. Similar ﬁre-safety
problems have been reported in other European countries [6]. In the
United States, the majority of residential ﬁres involve solid-fuelled
equipment, and ﬁres are caused by the ignition of structural-frame
components [7]. Prefabricated metal chimneys are relatively new pro-
ducts in Finland, and the majority of the metal chimneys in Finland are
less than 10 years old. Based on a study by Leppänen [8], the number of
ﬁres caused by metal chimneys in Finland was high from 2004 to 2009.
In 2012, metal chimneys caused over 70% of all chimney-induced ﬁres
in residential buildings in Finland [9]. The safety issue with metal
chimneys is important, as they represent only 10% of all chimneys in
Finland [10,11].
The new energy regulations have increased the thickness of thermal
insulation materials in buildings and the air tightness of structures,
which has increased the temperatures and risk of overheating the wood
framing or other combustible materials adjacent to ﬁreplaces and
chimneys. Critical details for ﬁre safety are where chimneys pass
through ﬂoors, roofs and walls. Several reasons for chimney
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penetration–induced ﬁres have been identiﬁed: higher actual ﬂue gas
temperatures onsite than those assumed in chimney design, incomplete
or insuﬃcient chimney installations and the smouldering combustion of
rockwool insulation [12]. Fig. 1 shows a site-survey picture from a roof
space where the heat of a metal chimney has caused a ﬁre. Thermal
insulation of this roof consisted of 300 mm thick layer of sawdust
overlaid by an additional 100 mm thick layer of blown cellulose in-
sulation. A 100 mm thick penetration insulation of mineral wool was
used to isolate ﬂammable materials from the hot surface of the
chimney. In this particular case, the penetration insulation was not
suﬃcient and the cellulose insulation ignited and started a ﬁre.
Fireplaces and chimneys are tested in accordance with EN stan-
dards. The standard tests are conducted in predeﬁned laboratory con-
ditions. The actual conditions onsite may be very diﬀerent from the
laboratory conditions. Site conditions vary, for example, due to fuel
type and chimney-draught conditions, which depend on site, time,
draught controls and the chimney's length and installation method.
Chimney design based on EN standard tests should lead to a ﬁre-safe
solution. However, previous research on ﬁreplaces has demonstrated
that the ﬂue gas temperature given in the CE marking of a ﬁreplace may
not always lead to a safe solution and should therefore not be used for
the designing of a chimney [11]. Studies by Neri [13], Neri et al.
[14–17] and Leppänen et al. [18] have shown that the standard test set-
up and conditions are often diﬀerent from the site installations.
To improve the ﬁre safety of metal chimneys, an extensive research
program was conducted in the TUT Fire Laboratory at Tampere
University of Technology between 2010 and 2016. As part of the pro-
gram, site tests were conducted to obtain better information on the
actual ﬂue gas temperatures and draught levels in real use in house-
holds. The aim of the research was to measure the actual ﬂue gas
temperatures and draught levels onsite, to determine the diﬀerence
between the site and standard test conditions and to assess whether
standard tests always lead to a ﬁre-safe metal chimney penetration. In
this paper, the results of ﬁve site tests conducted in four diﬀerent re-
sidential buildings and a sauna are reported.
2. Testing in accordance with EN standards
CE marking of ﬁreplaces is mandatory in European countries, and
under the regulations, manufacturer's products are required to de-
monstrate compliance with laboratory tests by a notiﬁed test labora-
tory. Fireplaces are subjected to two diﬀerent test: a nominal heat-
output test and temperature-safety test in accordance with EN stan-
dards [19–22]. In the nominal heat-output test, the properties of the
ﬁreplace, such as eﬃciency, heat output, ﬂue gas temperatures and
emissions of the ﬁreplace are determined. For the slow heat release
appliances the test is called burning rate performance test. The tem-
perature-safety test is used to demonstrate that the temperatures of the
surfaces and structures nearby the ﬁreplace do not exceed given limit
values or ignition temperatures. Also for chimneys, two tests are re-
quired. Metal chimneys are tested in accordance with standard EN 1859
[23], which prescribes the heat stress test and thermal shock test to
verify the safety distance between the outer face of the chimney and
combustible materials. The purpose of the tests is to avoid overheating
the materials in the chimney penetration area. In the chimney design,
the temperature class based on the chimney tests must be equal or
higher than the mean ﬂue gas temperature recorded in the CE marking
of the ﬁreplace connected to the chimney.
The nominal heat-output test is performed at constant ﬂue draught
pressure following the manufacturer's recommendations regarding the
test fuel, the burning rate and the combustion controls settings to be
used to achieve the claimed nominal heat output during the test. The
appliance is refuelled in accordance with manufacturer's instructions.
Flue gas temperatures are measured during the test. The mean value of
the ﬂue gas temperatures measured is recorded to CE-marking to assist
chimney design. In the temperature safety test higher draft level and a
larger amount of ﬁrewood are used. The ﬁre load of the temperature-
safety test is speciﬁed by the standard either based on the size of the
ﬁrebox [21,22] or on the ﬁre load used in the nominal heat-output test
[19,20]. In the temperature-safety test, a ﬁreplace's ﬂue draught is set
to a constant value, 3 Pa higher than in the nominal heat-output test.
Flue gas temperatures and draught levels are measured from a point
approximately 1.4 m above the ﬁreplace. Flue gas temperatures are not
required in the temperature-safety test. The test arrangement is shown
in Fig. 2a). The burning rate performance test and temperature-safety
test results of a slow heat release appliance are shown in Fig. 3a. Fig. 3b
shows the measured ﬂue draught levels in the same tests.
In the heat stress test of metal chimney, hot gas is fed into the
chimney. The temperature of hot gas depends on the temperature class
speciﬁed for the chimney. The test structure consisting of two walls at
right angles and two ﬂoors through which the test chimney passes.
Temperatures within the ﬂoor construction are measured during the
test and the test is maintain until an equilibrium is reached in the ﬂoor
temperatures. It must be demonstrated that the surface temperatures at
a safety distance speciﬁed by the manufacturer do not exceed 85 °C.
The safety distance is measured from the outer surface of the chimney.
In the thermal shock test, ﬂue gas temperatures are kept at 1000 °C for
30 min. In the test criteria, the maximum surface temperatures mea-
sured inside the ﬂoor construction are limited to 100 °C. The manu-
facturer shall declare the minimum distance to combustible material
and the performance need to be demonstrated by tests. The heat stress
test is repeated after the thermal shock test. Test arrangement for metal
chimneys is shown in Fig. 2b).
3. Previous research
3.1. Laboratory tests
Leppänen et al. [11] have studied the ﬂue gas temperatures of
ﬁreplaces in laboratory conditions. Their study included a nominal
heat-output test, a temperature-safety test, and extra heating, in which
ﬁrewood batches larger than the recommended size were used to
Fig. 1. Chimney roof penetration after ﬁre.
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demonstrate misuse. The highest measured ﬂue gas temperatures in the
temperature-safety tests were 124 °C to 381 °C above the ﬂue gas
temperature indicated in the CE marking. The study concluded that the
mean ﬂue gas temperature measured in the nominal heat-output test of
EN standards should not be used for the designing of a chimney;
instead, the highest ﬂue gas temperature of the temperature-safety test
should be used. Furthermore, they also tested how higher fuel loading
than that given in the manufacturer's instructions aﬀects ﬂue gas tem-
peratures. Higher loading is possible if the occupant does not read the
manufacturer's instructions. When a room heater was fuelled with 1.3-
Fig. 2. Test arrangements according EN standards for: a)
Fireplaces; b) Metal chimneys.
Fig. 3. Typical a) temperature and b) draught measurements from a burning rate performance test and a temperature safety test of a slow heat release appliance. Horizontal dashed line
represents the mean temperature recorded to CE-marking.
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kg larger wood batches (3.0 kg), the highest ﬂue gas temperature was
approximately 90 °C higher than in normal use when the wood batches
were 1.7 kg. When the heating of the room heater was continued with
the same size of wood batches (3 kg) and the ﬂue draught was increased
to 15 Pa, the ﬂue gas temperature increased and was 160 °C higher than
the temperature in normal use.
Oravainen [24] have studied the ﬂue gas temperatures of a room
heater, sauna stove and a slow heat-release appliance by conducting a
nominal heat-output test, temperature-safety test, and overheating test
on the ﬁreplaces. In the overheating tests, the highest ﬂue gas tem-
peratures were 295 °C to 478 °C above those indicated in the in CE
marking. In a couple of tests, the ﬂue gas temperatures exceeded
600 °C. Mitchell performed ﬁre hazard tests with masonry chimneys
[25]. In the tests, the ﬂue gas temperature of a stove exceeded 900 °C in
ﬁve minutes and were nearly 1000 °C in 10 min. The ﬂue gas tem-
peratures of diﬀerent ﬁreplaces have also been studied by Peacock [26].
The study included 18 typical commercial ﬁreplace in the USA. In 14
tests ﬂue gas temperatures were 600 °C or higher. In another study by
Peacock [27], the measured ﬂue gas temperatures varied between
426 °C and 519 °C for normal heating conditions and between 574 °C
and 855 °C for overheating conditions. In tests conducted by Hansen
et al. [28] the ﬂue gas temperatures measured were 240 °C to 584 °C
and 379 °C to 879 °C in normal and overheating conditions, respec-
tively. In tests conducted by Inha et al. [29] on sauna stoves tempera-
tures up to 1000 °C were measured. Loftus et al. [30] tested 17 diﬀerent
wall pass-through systems (thimble-chimney connector) connected to a
chimney ﬂue gas connector and a stove. In these tests, the ability of the
pass-through systems to provide thermal protection at chimney-wall
penetration area was studied. In the tests, the three temperatures of ﬂue
gases were used, 538 °C, 593 °C and 649 °C. Hansen et al. [31] studied
damage to block chimneys. Their tests simulated possible intense
heating. In intense heating, the highest ﬂue gas temperature at the ﬂue-
gas connector exceeded 900 °C. During intense heating, the chimney
draught was as strong as 45 Pa. Even during the ignition load, the
chimney draught was approximately 20 Pa. Achenbach et al. [32] stu-
died the performance of masonry chimneys under steady state condi-
tions. In the tests, they used three diﬀerent gas temperatures and three
diﬀerent gas ﬂow rates. The results demonstrated that higher inlet gas
temperatures increased the ﬂue draught. Type of masonry material and
liner, and treatment of air space aﬀected the ﬂue draught very little.
Even if the above test evidence clearly demonstrate ﬂue gas tempera-
tures exceeding 600 °C, the highest temperature class recognized by the
standards is T600 with a maximum allowable ﬂue gas temperature of
600 °C [33].
In a chimney ﬁre, residue deposits referred to as soot or creosote, on
the inner surfaces of chimney ﬂue ignites and starts burning which
increase the ﬂue temperatures signiﬁcantly. Peacock [34] has studied
the critical conditions of soot ﬁres in masonry chimneys by means of 12
tests. In these tests, the peak gas temperatures in chimney ﬂues and
connectors were studied. The maximum temperatures measured during
the tests were 908 °C to 1370 °C. The soot ﬁres had relatively short
duration and the entire exposure time, during which the ﬂue gas tem-
peratures were over 600 °C, lasted 5–44 min, the average being 19 min.
Inha et al. [35] performed two tests using a slow heat release ap-
pliance with an ignition damper. Ignition dampers are used in slow heat
release appliances where the ﬂue gas channels inside the appliance are
long and it is diﬃcult to provide suﬃcient ﬂue draught for ignition. A
shorter access is therefore provided for the ﬂue gasses from ﬁrebox into
the chimney through a damper temporarily open during the ignition.
This damper is diﬀerent from the normal ﬂue damper typically located
above the ﬁreplace and used to control the removal of gasses. The ig-
nition damper is illustrated in Fig. 4. The aim of the tests was to de-
monstrate the eﬀect of the ignition damper on ﬂue gas temperatures.
The measured ﬂue gas temperatures were 120 °C higher when the ig-
nition damper was left open after ignition. In normal use, the ignition
damper is open during the ignition only and closed when the ﬁre has
strongly ignited. The test demonstrated that if the damper is left open
for a long time, the risk of ﬁre increases.
3.2. Field tests
Little information is available on actual ﬂue gas temperatures in
residential buildings. Hansen et al. [36] have studied the use of ﬁre-
places in Norway. The study included a questionnaire on the use of
ﬁreplaces, and they also measured ﬂue gas temperatures in the ﬁeld and
laboratory. The tested ﬁreplaces were room heaters. In the tests, ﬂue
gas temperatures were measured from three diﬀerent locations: the
ﬂue-gas connector, the chimney 1 m above the ﬂue-gas connector and
the chimney 1 m below its top. Chimneys used in the tests were block or
masonry chimneys. In the ﬁeld tests, the highest ﬂue gas temperatures
measured in the connector were approximately 350–700 °C, and the
mean ﬂue gas temperatures in the connector were approximately
260–450 °C. The highest ﬂue gas temperatures measured from the
chimney 1 m above the connector were only approximately
100–430 °C. The study found a contradiction between the testing of
ﬁreplaces and their actual use in Norway. However, the diﬀerence was
not considered signiﬁcant enough to require changes in the testing
procedures of ﬁreplaces. It was found that the occupant is refuelling the
ﬁreplace at longer intervals and larger batches than in standard testing.
After ignition, the occupant normally uses 2–3 larger batches before
switching to normal heating. The study also revealed that heating
periods are longer than in tests, but it is uncertain whether that leads to
higher thermal stresses. According to the measurements, ﬁreplace
draughts are weaker in actual use than in tests. That may cause soot
build up in a chimney. According to the study, temperatures in pre-
fabricated block chimneys are considerably higher than in masonry
chimneys.
The use of ﬁreplaces in Finland diﬀers somewhat from what is
customary in Norway. The biggest diﬀerence lies in the type of ﬁre-
places used. The most common types in Finland are slow heat-release
appliances and wood-burning sauna stoves. Sauna stoves are intended
to heat the indoor air in a sauna rapidly to a temperature suitable for
bathing at approximately 70–100 °C. Moreover, the stones must stay
hot enough for the duration of the bath, which can take several hours.
4. Experimental ﬁeld study
4.1. Test programme
The previous research [11,24–29,31] reported in Chapter 3 de-
monstrated that ﬂue gas temperatures can be signiﬁcantly higher than
speciﬁed in the CE marking used for chimney design. A series of ﬁeld
tests was performed to study ﬂue gas temperatures and ﬂue draughts in
ﬁreplaces and chimneys in their real environment and conditions in
people's homes [37]. The aim of the ﬁeld tests reported here was to
study if the ﬂue gas temperatures onsite exceed the allowable levels to
better understand the reasons for the high temperatures and estimate
the actual risk of ﬁre in buildings. Test sites were found through
agreements with home owners and construction companies.
In this article, tests on ﬁve ﬁreplaces are introduced, including three
similar room heaters (free standing wood stove), one slow heat-release
appliance, and one wood-burning sauna stove. The deﬁnitions of the
three type of heaters are given in EN standards. Room heater is an
appliance having a fully enclosed ﬁrebox with a ﬁredoor which is
normally closed. The appliance distributes heat by radiation and/or
convection. Slow heat release appliance is an intermittent burning ap-
pliance having thermal storage capacity to accumulate heat into its own
mass such that it provides heat for a period of hours after the ﬁre has
gone out. Sauna stove distributes heat by radiation and/or convection
and it is ﬁtted with stones or other heat retaining material onto which
water is poured to produce hot steam/vapour that rises from the hot
sauna stones. The tested ﬁreplaces are shown in Fig. 5, and their
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technical information is presented in Table 1. All ﬁreplaces were CE-
marked, and in the tests, they were operated in accordance with the
manufacturer's instructions. The use and operation of the three type of
ﬁreplaces diﬀer signiﬁcantly from each other.
Room heaters 1 and 2 were located on the ﬁrst ﬂoor of two-story
residential buildings. Room heater 3 was located in a single-story re-
sidential building, and the metal chimney was semi-insulated for the
ﬁrst 0.95 m of its length and thereafter fully insulated, extending from
the top of the room heater. In all room heaters, the metal chimney was
connected from the top. The fully insulated section consisted of a
60 mm thick layer of mineral wool and in the semi-insulated section,
the layer was 30 mm thick.
The tested slow heat-release appliance was located on the ﬁrst ﬂoor
of a two-story residential building. The metal chimney was connected
from the top of the ﬁreplace.
The tested sauna stove was installed in a lakeside log sauna
building. The inside ﬂoor dimensions of the building were 2.8 m ×
2.75 m. The ﬂoor-to-ceiling height was 2.25 m at the eaves and 2.75 m
Fig. 4. Illustration of an ignition damper; a) Ignition damper
open, b) ignition damper closed.
Fig. 5. Tested ﬁreplaces: a) Room heater 1 and site measurement equipment, b) Slow heat release appliance, c) Exterior view of lakeside sauna and sauna stove.
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at the ridge. The volume of the sauna was approximately 19 m3. The
sauna stove was designed for an 8–20 m3 sauna. The sauna stove was
connected with a rear ﬂue connection, and the chimney penetrated an
external log wall behind the sauna stove.
In all the ﬁeld tests, the standard methods of ﬁre tests were followed
as much as possible without damaging the equipment or aﬀecting the
ﬁre safety of the building. The test programme is concluded in Table 2.
For the three room heaters, nominal heat-output tests were con-
ducted in accordance with standard EN 13240 [19]. The temperature
measurement points of room heaters 2 and 3 deviated from the points
speciﬁed in standard EN 13240; therefore, the same type of room heater
was also tested in the laboratory to determine ﬂue gas temperatures at
the point speciﬁed by standard EN 13240 and at the ﬂue-gas connector
located 50 mm above the ﬁreplace. First, a standard nominal heat-
output test (lab test 1) was conducted, followed by a test in which the
originally uninsulated ﬂue was insulated using mineral wool (lab test
2).
In the standard test assembly of EN 13240, the appliance is con-
nected to the chimney ﬂue through an uninsulated ﬂue-gas connector.
The measurement section above the connector is fully lagged with 40-
mm thick thermal insulation to provide a thermal conductivity of
0.04 W/mK at an average temperature of 20 °C. In all tested room
heaters, the chimney ﬂues were insulated. To better understand how
much the insulated chimney ﬂue aﬀects gas temperatures, an additional
laboratory test (lab test 2) was undertaken. By comparing the tem-
peratures of lab tests 1 and 2, the possible increase in gas temperature
can be determined.
In the third laboratory test (lab test 3), the ﬂue draught at the ﬂue-
gas connector was set to a value equal to the draught measured onsite.
The slow heat-release appliance was subject to a burning rate per-
formance test, and the approach of standard EN 15250 [22] was fol-
lowed as closely as possible. In previous research, Inha et al. [35]
conducted laboratory tests with a similar type of ﬁreplace.
The sauna stove was tested for conditions which correspond to
normal use in Finland, as the site conditions were very diﬀerent from
those speciﬁed in standard EN 15821. The sauna stove was ﬁrst heated
so that the temperature of the air in the sauna was 100 °C. Afterwards,
people bathed in the sauna. A total of 169 min from the beginning of
the test, the measuring was interrupted by a power failure. The mea-
sured temperatures and draught levels represent real winter conditions.
The manufacturer of the sauna stove also gave the highest ﬂue gas
temperature of the temperature-safety test.
4.2. Test set-up and measurement points
Flue gas temperatures and ﬂue draughts were measured and re-
corded during the tests. The ﬂue gas temperature and draught are de-
pendent upon the location of the measurement point along the chimney
ﬂue. Onsite conditions, it is impossible to install the sensors exactly in
the locations the EN test standards specify. As the measurement point
locations deviated from the standard, additional laboratory tests were
performed to derive the relationship between the temperatures and
draughts measured at diﬀerent locations. The structural sections of the
ﬁreplaces and chimneys and the measurement points of the ﬂue gas
temperatures and draught are shown in Fig. 6. In the test of room heater
1, measurements were taken from a measurement point located 1.19 m
Table 1
Technical information on the tested Fireplaces.
Height
[mm]
Width
[mm]
Depth
[mm]
Weight
[kg]
Thermal
output [kW]
Room heater 1,
2, 3
1150 442 452 156 5.5
Slow heat
release
appliance
1650 594 514 495 –
Sauna stove 700 520 620 200 (incl.
Stones 110)
25
Table 2
Test program.
Fireplaces Field test(s) Laboratory test(s)
Room heater 1, 2, 3 Nominal heat output test Lab test 1, 2 and 3
Slow heat release
appliance
Burning rate
performance testa
Earlier laboratory tests [35]
Sauna stove Actual use of the lakeside
sauna
Values informed by the
manufacturer
a Burning rate performance test of slow heat release appliance corresponding nominal
heat output test.
Fig. 6. Measurement point locations for (a) room heaters and slow heat release appliances and (b) sauna stove. Site dimensions a, b and c are given in Table 3.
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above the ﬁreplace, which is relatively close to the measurement sec-
tion of the test standards. The measurement sensor was installed
through a 3-mm hole drilled through a collar plate of a chimney ele-
ment joint. The installation shown in Fig. 7 included both the tem-
perature and pressure sensors. The measurement points of room heaters
2 and 3 were located at the ﬂue-gas connector 50 mm above the ﬁre-
places. For the slow heat-release appliance, measurements were taken
at the ignition damper located 160 mm above the top of the ﬁreplace.
In the test of the sauna stove, gas temperatures and draught levels
were measured at two points. One point was at the ﬂue-gas connector.
The other one was installed following the instructions of EN 15821, and
the point was located outside of the building envelope 1500 mm above
the top of the sauna stove. In addition, the surface temperatures of the
chimney and external log wall were measured at the wall penetration.
The temperature of the sauna was measured in the middle of the room
300 mm below the ceiling, as has been presented in standard EN 15821.
The measurement point locations for all tests are shown in Fig. 6.
Chimney dimensions and the outdoor air temperatures at the time of
testing are reported in Table 3. These site conditions are diﬀerent from
the standard test speciﬁcations and have an eﬀect on the ﬂue-draught
levels.
4.3. Site-measurement system and sensors
Temperatures were measured with an NI 9213 thermocouple
module. Pressure diﬀerences were measured with Huba Control 699
diﬀerential pressure transmitters. The sensor used for ﬂue gas tem-
perature and draught measurements in the room heater and sauna stove
tests was Kimo TPL-03-300-T. The sensor used to test the slow heat-
release appliance was Kimo TPL-06-300-T. In the sauna stove test, ﬂue
gas temperatures were also measured using a shielded thermocouple
wire (Ø 3 mm) to a standard's measuring section. Measurements were
recorded at intervals of 15 s.
5. Testing and results
5.1. Room heater tests
Birch logs, the moisture content of which was approximately 8 wt%,
were used as ﬁrewood. The amount of ﬁrewood was based on the op-
erating instructions of the room heater. The charging intervals are
diﬀerent from the operating instructions because the ﬂue draught was
not controlled during the ﬁeld tests. As the draught levels onsite were
higher than in the standard test, the ﬂue gas temperature was higher,
and the ﬁrewood burned faster than in standard test conditions. The
wood batches and charging intervals used in the room heater tests are
presented in Table 4.
The test results are presented in Figs. 8–10. The ﬁrst graph in each
Figure represents the ﬂue gas temperature, and the second is the
draught. The solid line represents the data recorded during the test, and
the dotted line represents the mean value of the recorded temperatures.
The dashed lines represent the mean ﬂue gas temperature the manu-
facturer has given based on nominal heat-output tests. In the three tests,
the mean ﬂue gas temperatures were approximately 100 °C higher than
those indicated in the CE marking. The main reason for the higher
temperatures is assumed to be the ﬂue draught, which was considerably
stronger during the ﬁeld tests than in the standard nominal heat-output
test. Due to the stronger draught, wood batches had to be fed more
often than in the standard nominal heat-output test. It is obvious that a
user will also follow this shorter charging interval. As described in
Section 4.3, the location of the temperature and draught-measurement
points of all three ﬁeld tests were closer to the ﬁreplace than the
measurement point speciﬁed in the standard. The eﬀects of these var-
iations on the ﬂue gas temperatures were studied in more detail by
conducting three laboratory tests. The results of these tests are in-
troduced and discussed next.
5.1.1. Lab test 1
In the tests of room heaters 2 and 3, the ﬂue gas temperatures were
measured from the ﬂue connectors located 50 mm above the appli-
ances. Lab test 1 was conducted to determine the temperature diﬀer-
ence between the ﬂue-gas connector and standard measurement point
1.4 m above the appliance. Based on the results of lab test 1, the mean
gas temperature in the connector was 44 °C higher than that measured
from the standard measurement point. The mean gas temperature
Fig. 7. Flue gas temperatures and draught of Room heater 1 were measured through a
3 mm hole drilled through a collar plate of a chimney element joint which located 1.19 m
above the ﬁreplace.
Table 3
Locations of ﬂue gas temperature and pressure measurement points and chimney dimensions, refer to Fig. 6.
Distance between the top of the ﬁreplace and the
measurement point [mm]:
Height of the chimney
[m]
Diameter of the ﬂue
[mm]
Outdoor air temperature [°C]
Room heater 1 a = 1190 7.5 134 26
Room heater 2 c = 50 4.6 150 22
Room heater 3 c = 50 4 150 7
Slow heat release appliance b = 160 8 150 10
Sauna stove 1500 3.5 114 0
Table 4
Wood batches and charging intervals in the room heater tests. Lab. tests are described in
clause 4.1. CE test refers to the interval speciﬁed in the manufacturer's instructions and
CE marking.
Batch [kg] 1.4 1.4 1.4 1.4 1.4 2.8
Time [min] Room heater 1 0 15 51 81
Room heater 2 0 15 58 95
Room heater 3 0 27 57 87
Lab. test 1 0 40 85 130
Lab. test 2 0 40 85 130
Lab. test 3 0 30 65 100 135 176
CE test 0 45 90 135 180
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measured from the standard point in lab test 1 was 284 °C. Based on this
information, it can be assumed that the mean ﬂue gas temperatures at
the standard measurement point locations were around 400 °C and
450 °C for room heaters 2 and 3, respectively. The temperatures are
70–100 °C higher than the values recorded in the CE markings of the
appliances.
5.1.2. Lab test 2
As all chimney ﬂues onsite were insulated and the standard nominal
heat-output test was undertaken with an uninsulated ﬂue-gas con-
nector, lab test 2 was conducted to study the eﬀects of the insulation on
ﬂue gas temperatures. Based on the test results, the insulation had only
a small eﬀect on ﬂue gas temperatures.
5.1.3. Lab test 3
As the ﬂue draught was measured from the ﬂue connectors located
50 mm above room heaters 2 and 3, lab test 3 was conducted to de-
termine the diﬀerence in draught values measured from the connectors
and standard measurement point 1.4 m above the appliances.
Laboratory tests revealed that when the ﬂue draught was 12 Pa at the
point speciﬁed in the standard, the measured draught value at the ﬂue
connector was approximately 22 Pa. When the draught increased to
15 Pa, the draught at the ﬂue connector was approximately 25 Pa.
When the draught at the ﬂue connector was set to 32 Pa, corresponding
to the ﬁeld measurements, the draught at the point speciﬁed in the
standard was approximately 19 Pa. The diﬀerence in pressure between
the two measurement points was approximately 10 Pa. Based on these
results, the draught values at the standard measurement point locations
were approximately 20–25 Pa for room heaters 2 and 3. By comparing
Figs. 11 and 12, it can be seen that by increasing the draught from 12 Pa
to 20 Pa, the mean ﬂue gas temperature increased by approximately
50 °C. To study the eﬀects of overloading the ﬁreplace, the ﬁrewood
Fig. 8. Flue gas temperatures and ﬂue draught of test on Room heater 1.
Fig. 9. Flue gas temperatures and ﬂue draught of test on Room heater 2.
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batch was increased from 1.4kg to 2.8 kg 180 min after the beginning of
the test. As can be seen in Fig. 13b), the bigger ﬁrewood batch can be
easy ﬁtted in the ﬁrebox, and it is possible that a user accidentally
misuses the appliance if he or she does not check the mass of the wood
batches. A bigger load batch increased the ﬂue gas temperature by
approximately 100 °C.
The above test results demonstrate that the ﬂue gas temperatures
measured from room heaters operating in actual ﬁeld conditions can be
signiﬁcantly higher than temperatures given in the manufacturers’ in-
structions and CE markings. Temperature diﬀerences as high as 100 °C
were recorded. Lab test 3 also showed that the misuse of the ﬁreplace
can further increase the ﬂue gas temperature by 100 °C.
5.2. Test of slow heat-release appliance
The mass of the fuel load and refuelling intervals declared by the
manufacturer were used in the test. Birch logs, of which the moisture
content was approximately 8 wt%, were used as ﬁrewood. The wood
batches and charging intervals are presented in Table 5.
The ﬂue gas temperatures and ﬂue draught of the tested slow heat-
release appliance are shown in Fig. 14. The ﬁeld-measured ﬂue gas
temperatures were higher than what was reported in previous labora-
tory tests Inha et al. [35] performed on the same appliance. In the
previous laboratory test, ﬂue gas temperatures were measured from the
point speciﬁed in standard EN 15250 and from the ﬂue-gas connector.
In the burning rate performance test of the ﬁreplace, the mean ﬂue gas
temperature was only 11 °C higher in the connector than that measured
from the point speciﬁed in standard EN 15250. In the laboratory test,
the mean temperature measured from the point speciﬁed in the stan-
dard was 250 °C, which is more than 40 °C higher than the ﬂue gas
temperature speciﬁed in CE marking. It can be seen from Fig. 14 that
the mean ﬂue gas temperature of the ﬁeld test 160 mm above the ap-
pliance was 275 °C. Based on previous laboratory tests [35], it can be
assumed that the temperature at the standard measurement location is
approximately 10 °C lower, i.e., 265 °C. This is 65 °C higher than the
temperature given by the manufacturer. The reason for the higher ﬂue
Fig. 10. Flue gas temperatures and ﬂue draught of test on Room heater 3.
Fig. 11. Flue gas temperatures and ﬂue draught of Lab test 1 on Room heater.
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gas temperatures can be the considerably stronger ﬂue draught than
that used in the standard nominal heat-output test. The instructions for
the ﬁreplace recommend that the damper be used to control the ﬂue
draught. In this ﬁeld test, that was not possible; the damper had to be
removed to allow the installation of temperature and ﬂue-draught
sensors. This faulty situation can also occur if the occupant operating
the ﬁreplace does not use the damper properly and leaves it open.
5.3. Test on a sauna stove
The amounts of ﬁrewood, ﬁrewood-charging intervals and draught
controls were recorded during the test. In accordance with the manu-
facturer's instructions and CE markings, the initial charge was 4 kg, and
the additional batches were 2.8 kg each. In the temperature-safety test,
the batch size was 4.3 kg. In this ﬁeld test, the wood batches were
approximately the same size as the additional batch of the nominal
heat-output test. Birch wood with a moisture content of approximately
14 wt% was used as ﬁrewood. The wood batches used in the test are
presented in Table 6. The outdoor air temperature during the test was
0 °C, which was also the temperature of the lakeside sauna at the be-
ginning of the test. The test was interrupted due to a power failure
169 min from the beginning of the test.
The ﬂue gas temperatures of the tested sauna stove and the sauna
temperatures are presented in Fig. 15a) and ﬂue draught in Fig. 15b). In
the Figures, the ﬂue gas temperatures recorded during the ﬁeld test are
Fig. 12. Flue gas temperatures and ﬂue draught of Lab test 3 on Room heater.
Fig. 13. a) The 1.4 kg wood batch used in ﬁeld test.
b) The bigger 2.8 kg wood batch in Lab. test 3.
Table 5
Wood batches in test of slow heat release appliance.
Time [min] 0 19 49 81
Batch [kg] 2.5 2.5 2.5 2.5
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compared against the nominal heat-output test and temperature-safety
test results given in the manufacturer's instructions. During the heating
of the sauna stove, ﬂue gas temperatures remained for a long time
above the highest temperature of the temperature-safety test conducted
by the manufacturer (dashed-dotted line). Flue gas temperatures mea-
sured from the ﬂue-gas connector were approximately 100 °C higher
than those measured from the chimney ﬂue 1.5 m above the appliance.
For ﬁre safety, the ﬂue-gas connector location represented the critical
design condition in this building, as the horizontal ﬂue outlet pene-
trated the wall immediately after the ﬂue-gas connector. The mean ﬂue
gas temperature measured 1.5 m above the sauna stove was 355 °C. The
mean ﬂue gas temperature the manufacturer declared for the nominal
heat-output test is 291 °C, which is signiﬁcantly lower than the ﬁeld-
measured value. The ﬁeld measurements also exceed the highest ﬂue
gas temperature of 384 °C the manufacturer has given for the safety
test. The test results demonstrate that the ﬂue gas temperatures in the
actual ﬁeld conditions can be signiﬁcantly higher than those measured
during a standard laboratory test. In this sauna-stove test, the tem-
perature diﬀerence was approximately 100 °C.
5.4. Evaluation of measured temperatures
Flue gas temperature and ﬂue draught are dependent on the loca-
tion they are measured from along the chimney ﬂue. The measured
values cannot be directly compared with the value that has been given
in the CE marking if the measuring location is diﬀerent. The tempera-
tures of ﬂue gases and ﬂue draught measured in the ﬁeld tests has been
compared with values measured in the laboratory from the same
Fig. 14. Flue gas temperatures and ﬂue draught of test on slow heat release appliance.
Table 6
Wood batches in test of sauna stove.
Time [min] 0 29 52 77 102 131 154
Batch [kg] 2.6 2 2.1 2.8 2.8 2.4 2.4
Fig. 15. Flue gas and sauna temperatures and chimney draught of the sauna stove test.
P. Leppänen et al. -RXUQDORI%XLOGLQJ(QJLQHHULQJ²

location. Summaries of the ﬂue gas temperatures of the tested ﬁreplaces
are presented in Fig. 16. If the values in the ﬁeld tests have not been
measured from the standard measurement point location, calculatory
values have been used.
Diﬀerences also exist between the laboratory tests. The informed
mean ﬂue gas temperature of the slow heat-release appliance is 215 °C,
and the highest ﬂue gas temperature of the safety test is 320 °C.
However, Inha et al. [35] measured temperatures, respectively, of
250 °C and 368 °C. The informed mean ﬂue gas temperature of the
room heater is 330 °C. Even so, the mean ﬂue gas temperature was only
approximately 290 °C in lab test 1.
6. Discussion
6.1. The eﬀects of ﬁeld conditions on the ﬂue gas temperature
In all ﬁeld tests, ﬂue gas temperatures higher than speciﬁed in the
manufacturer's instructions were measured. For the room heaters and
sauna stove, the temperatures were approximately 100 °C higher.
Temperatures measured for the slow heat-release appliance were 50 °C
higher.
The tests aimed to use the ﬁreplaces according to the operating
instructions. This was done to assess the eﬀect of diﬀerent conditions on
ﬂue gas temperatures and ﬁreplace draught. Using a ﬁreplace contrary
to the operating instructions increases ﬁre hazard. However, the exact
recommended wood batch sizes are not normally used when heating a
ﬁreplace, nor is draught control always done properly.
A higher ﬂue draught raises the ﬂue gas temperature of ﬁreplace. In
this study, the eﬀect was approximately 50 °C when the ﬂue draught
was 8 Pa higher than standard test. In addition, a higher draught guide
adds wood batches often, which raises ﬂue gas temperature even more.
Too high of a draught can be restricted with a chimney-draught limiter.
The problem is that the value for a draught that is too high is not
known.
6.2. The eﬀects of the misuse of the ﬁreplace on the ﬂue gas temperatures
The way a ﬁreplace is operated has a signiﬁcant impact on the ﬂue
gas temperatures. As ﬁreplaces are often considered seemingly simple
and easy to operate appliances, the users often do not read manufac-
turer's instructions or follow them accurately. The instructions of more
complicated and dangerous equipment are typically studied much more
carefully and obeyed. It is diﬃcult to distinguish visually when the ﬂue
gas temperatures are too high and to prevent the user from overheating
the ﬁreplace.
One solution to avoid overloading is to design the ﬁrebox such that
there is no room for an oversized batch. For example, the sauna stove
tested in this research was equipped with a ﬁreplace door, which lim-
ited the loading of the ﬁrebox up to the top level of the doorframe. Even
when the stove was fully loaded, it was not overloaded and the solution
provided suﬃcient space above the ﬁrewood for eﬀective burning
process. However, many sauna stoves on the market have a ﬁrebox
twice as big as the maximum wood batch given in the manufacturer's
instructions. Thus, a potential risk exists of ﬂue gas temperatures to
exceed the temperatures used in the chimney design.
The eﬀects of misuse were also studied by doubling the ﬁrewood
batch in a room heater test, refer to Fig. 13b). For the most eﬃcient
visual experience, the size of the glass door is often maximized and, as
can be seen from the ﬁgure, the double batch was easy to ﬁt into the
ﬁreplace and the loading is not visually alarming. However, the double
batch increased the ﬂue gas temperature by approximately 100 °C
causing a potential ﬁre risk if the chimney attached to this ﬁreplace is
not designed for the higher temperature level. In this ﬁrebox with full
size glass door, it is very diﬃcult to restrict the use of the ﬁrebox
without aﬀecting the visual appearance of the ﬁreplace. In this type of
designs, the potential risk of misuse should be considered in the testing
procedures at least to some extent.
Previous study on a slow heat release appliance demonstrated that
defective use of an ignition damper of the ﬁreplace can increases the
ﬂue gas temperatures over 100 °C. It is important that the ignition
damper is kept open during the ignition only.
The results of this experimental study demonstrate that it is of great
importance that the user is familiar with the operating instructions, and
that the maximum allowable batch sizes and charging intervals speci-
ﬁed by the manufacturer are somehow controlled and not exceeded.
Methods to overcome these issues can include end-user training, de-
tailing of the ﬁrebox, and amendments to test standards and proce-
dures. As it is impossible to remove and control all the uncertainties
related to the behaviour of the end users, the main responsibility for ﬁre
safety should always lie with manufacturers and standardization.
6.3. The eﬀects of higher ﬂue gas temperatures on the ﬁre safety of
chimneys and chimney penetration
Chimneys are dimensioned in accordance with the instructions of
the ﬁreplace manufacturer. The temperature class of the chimney
should be equal to or higher than the mean ﬂue gas temperature given
in the CE marking of the ﬁreplace. The standard chimney test method of
EN 1859 [23] limits the maximum temperatures of structures adjacent
to the chimney to 85 °C. Higher ﬂue gas temperatures will increase the
temperatures of the chimney construction and the temperatures of
building structures and materials adjacent to the chimney penetration.
Metal chimneys have low thermal inertia, and, thus, the temperatures
around the chimney rise faster than in the case of masonry chimney
construction.
The eﬀects of diﬀerent exhaust-gas temperatures on the tempera-
tures of combustible materials adjacent to chimneys have been in-
vestigated by means of numerical simulations [18] performed with a 2D
numerical model. In the simulations, metal-chimney constructions in-
sulated with 25-mm and 65-mm-thick layers of non-combustible mi-
neral wool were considered. The simulations demonstrated that when
the exhaust gas temperature increased by 150 °C, the surface tem-
peratures of combustible material increased by approximately 70 °C
and 50 °C for the 25-mm and 65-mm-thick insulation layers, respec-
tively. In the ﬁeld tests, the ﬂue gas temperatures exceeded the tem-
peratures given in the CE marking by approximately 130 °C. As the test
method of EN 1859 [23] limits the maximum surface temperature of
combustible materials to 85 °C, it is possible that temperatures have
been as high as 130–150 °C in the structures adjacent to the tested
chimneys. In addition, many other factors can raise temperatures in
structures adjacent to chimneys [18].
Exposure to high temperatures at the chimney penetrations is
usually short term (minutes to a few hours). According to Babrauskas
et al. [38], the ignition temperature of wood-based materials in these
conditions is approximately 250 °C. However, it is possible in
Fig. 16. Summaries of the ﬂue gas temperatures of the tested ﬁreplaces at the standard
measurement point location.
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residential use that the exposure is longer, particularly for sauna stoves
and room heaters. After 20 h of exposure, lower ignition temperatures
can be as low as 120 °C [39]. Based on the results of this research, a
potential for ﬁre risk exists.
Ongoing research is occurring at Tampere University of Technology
to study the combustion of organic material, e.g., binders, of the
thermal insulation materials used in chimneys and penetration con-
structions. Preliminary results have indicated that this phenomenon can
increase temperatures in penetration construction by 100–200 °C. The
duration of the phenomena is typically less than 2 h, and the combus-
tion of the organic material occurs during the ﬁrst heating operation.
This can aﬀect ﬁre safety when a ﬁreplace is used for the ﬁrst time and
the heating operation occurs for a long period of time.
6.4. Fire safe ﬂue gas temperature for the designing of a chimney
The temperature safety test for ﬁreplaces is designed to emulate
continuous intense heating of a ﬁreplace. Therefore, it would be natural
to use the same condition and results also for chimney design. Currently
the chimney design is, however, based on the results of the nominal
heat output test, which is designed to emulate normal eﬀective use of a
ﬁreplace and, where ﬂue gas temperatures appear to be lower than in
the temperature safety test. Experimental research by Leppänen et al.
[11] also support the idea of using the temperatures from the tem-
perature safety test. In their tests, the highest measured ﬂue gas tem-
peratures in the temperature safety tests were about 120 °C to 380 °C
higher than the mean ﬂue gas temperatures measured in the nominal
heat-output test. The results indicate that the actual temperatures can
exceed the level of the current design temperatures. In European
standardization, it has recently been proposed that the mean tem-
perature of the temperature-safety test is to be used for the designing of
chimneys [40]. In Finland, the current guidelines require that the
maximum temperature of the temperature safety test is to be used [41],
based on the results of Leppänen et al. [11]. The justiﬁcation for the
maximum temperature is that, even if more conservative than the mean
temperature, the solution provides some level of safety margin. Also,
the tests carried out in real use and actual site conditions, refer to
Chapter 5, demonstrate that the conditions can vary a lot and a suﬃ-
cient safety margin is needed.
7. Conclusions
Site conditions and the way ﬁreplaces are operated have a sig-
niﬁcant impact on ﬂue gas temperatures. In the ﬁeld tests, the mean
ﬂue gas temperatures measured during the room heater and sauna-
stove tests were approximately 100 °C higher than the ﬂue gas tem-
peratures given by the manufacturers in the CE marking of the ﬁre-
places. The highest measured ﬂue gas temperatures were 300 °C above
the temperatures given in the CE marking. For the slow heat-release
appliance, the temperature diﬀerence was signiﬁcantly lower. When
the chimney and chimney-penetration details are designed for tem-
peratures, which are signiﬁcantly lower than the actual gas tempera-
tures, a potential risk of ﬁre will occur. The laboratory tests demon-
strated that the misuse of ﬁreplaces and oversized batches can further
increase temperatures, as much as 100 °C. In the standard heat stress
test of metal chimneys to EN 1859 [23] the maximum surface tem-
peratures of combustible materials adjacent to the chimney penetration
are limited to 85 °C. When the actual ﬂue gas temperatures are 100 °C
to 150 °C higher than the temperature class of the chimney given in the
CE marking, the ignition of the combustible materials and structures
adjacent to the chimney creates a potential ﬁre risk.
The results of this experimental study demonstrate that it is of great
importance that the user is familiar with the operating instructions, and
that the maximum allowable batch sizes and charging intervals speci-
ﬁed by the manufacturer are somehow controlled and not exceeded.
Methods to overcome these issues can include end-user training,
detailing and size of the ﬁrebox, and amendments to test standards and
procedures. As it is impossible to remove and control all the un-
certainties related to the behaviour of the end users, the main respon-
sibility for ﬁre safety should always lie with manufacturers and stan-
dardization.
The ﬁeld tests conducted in this research show that the use of cur-
rent EN standards for ﬁreplaces do not always lead to ﬁre-safe chimney
dimensioning. The standards [19–22] do not suﬃciently take into ac-
count the eﬀects of site conditions and user performance on ﬂue gas
temperatures and ﬁre safety of the chimney penetration. The mean ﬂue
gas temperature of the nominal heat-output test is too low in compar-
ison with the mean ﬂue gas temperatures measured during the ﬁeld
tests of this study. Based on the observations made, the maximum
temperature of the temperature-safety test would provide a ﬁre-safe
solution. However, these criteria are applied in Finland only. In stan-
dard FprEN 16510-1:2016 [40], it has been proposed that the mean
temperature of the temperature-safety test should be used for di-
mensioning chimneys. The ﬁeld measurements show that these criteria
do not always lead to a ﬁre-safe solution. Further research is required to
determine the correct design temperature.
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Abstract
European standards regulate the certification procedure for determining chimney class tempera-
ture and the distance at which to install chimneys from combustible materials. These standards
prescribe the heat stress test and the thermal shock test. The high number of roof fires due to
the presence of a chimney that have recently occurred in European countries seems to be due to
a weak certification procedure. In this article, experimental tests and numerical simulations have
been performed to highlight the major differences between real and test conditions to identify
critical aspects of the current certification procedure. The influence of the position of the chim-
ney in the test structure, the thermocouples’ positioning and the thermal shock test initial condi-
tion have been investigated. It has been shown that flammable materials’ temperatures measured
in the certification procedure can be lower than those in real installations, and this is mainly
due to the fact that exhaust gas temperature in the certification procedure of chimneys can be
even 350C lower than in real installations. Then, real installations represent a more severe
condition.
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Introduction
In Europe, metal chimneys are certified according to the EN 18591 standard, whose aim is
the determination of the minimum safety distance between chimney and nearby combustible
structure and the chimney class temperature. The minimum safety distance is the distance at
which chimneys must be installed from combustible materials to avoid overheating and con-
sequent fires. Combustible material can be, for example, wood or thermal insulation materi-
als. The chimney temperature class gives information about the maximum temperature at
which exhaust gas can flow in the chimney; this information is reported on a label on certi-
fied chimneys and respecting these prescriptions should guarantee safe installations.
Despite the certification, roof fires seem to be a problem in different countries such as
Finland, Italy and Great Britain. In Finland, according to the reports2,3 of years 2002–2004,
about 500 fires broke out from fireplaces and chimneys every year, and their share was
about 14%–15% of all the building fires in Finland. Every year between 2008 and 2014,
about 700–900 fires involved fireplaces and chimneys, and about 300–400 soot fires
ignited.4–6 According to Leppa¨nen,7 metal chimneys caused about 500 building fires during
the years 2004 and 2009. Possible causes of these fires are listed in Table 1. Although dam-
aged metal chimneys have not caused a very significant number of the fires, the fires involve
CE-marked metal chimneys. The fireplace was a sauna stove in over half of the cases.
Hakala8 performed an investigation in the Finnish rescue services about fires caused by fire-
places and chimneys in 2012. Tables 2 and 3 show that 36% of fires started from fireplaces,
64% from chimneys and despite metal chimneys accounting for only about 10% of the
chimneys in the country,9,10 73% of fires that involved chimneys started from metal chim-
neys, of which 68% had roof penetration and 32% wall penetration. In the Italian province
of Brescia, about 300 fires occurred in 2007,11,12 most caused by incorrect installations fol-
lowed by lack of maintenance. Every year between 2000 and 2014, 8000–14,000 fires
involved chimneys in Great Britain.13 Heat transfer between chimneys and combustible
Table 1. Factors influencing the fires partly caused by metal chimneys in Finland.7
Factor Share of fires (%)
Defective insulation 30
Defective minimum safety distance 29
Overheated chimney 19
Rust away 5
Joint of chimney 4
Chimney fire 1
Table 2. Fires caused by fireplaces in Finland during the year 2012 according to reason.8
Fires from fireplaces Amount of fires Share of fires (%)
Spark from a fireplace 21 47
Damage of a fireplace 9 20
Minimum safety distance of a fireplace 9 20
Fault of a fireplace 4 9
Flue gas of a smoke sauna 2 4
Leppa¨nen et al. 63
materials has been studied for a long time and from different points of view. According to
some studies, the auto-ignition temperature of wood is considered in the range of 250C–
300C,14 but it can be much lower depending on time exposure15,16 and the chemical pro-
cesses that take place in it.17 Other studies have shown auto-ignition of wood as possible
even at 32C above the ambient temperature under long-time exposure,18 at 66C,19,20 at
100C21 and charring of wood occurred at 93C.19 To this day, the maximum acceptable
temperature exposure of wood is controversial.
Chimney safety tests by the standard 1859
To guarantee safe installations, chimneys have to be certified according to the European
standard EN 1859.1 The standard prescribes the thermal performance test, consisting of the
heat stress test that reproduces the conditions of chimneys’ normal functioning and the ther-
mal shock test, which reproduces conditions of soot fires. The tested chimneys are installed
in a test structure similar to that shown in Figure 1(a) composed of two walls at a right angle
and two roofs at different heights connected to an exhaust gas generator. Chimneys must be
installed according to the manufacturer’s prescription regarding the distance from combusti-
ble materials and the method of sealing this space (clearance sealing mode). In the test pro-
cedure, the clearance can be left open or can be sealed; however, this information is not
reported on the label of certified chimneys. In both tests, temperatures are measured by
means of thermocouples installed horizontally at the centre height of the clearance on the
walls of the test structure, that is, in correspondence with the chimney roof penetration,
while on the roof no thermocouples are provided. In the heat stress test, exhaust gas is con-
veyed into the chimney until the increase in temperature on the test structure is less than 2C
in 30 min, and these temperatures must not exceed 85C. As regards the thermal shock test,
exhaust gas is supplied at 1000C for 30 min, and temperatures of the test structure are mon-
itored until they reach the maximum value and start to fall; the maximum temperature on
combustible materials must not exceed 100C when the ambient temperature is 20C.
Previous studies on the subject and objective of the research
In previous studies, the certification procedure1 and, in particular, the heat stress test were
called into question by the authors of this article on the previous studies.22–25 Experimental
studies showed that fires can be due to the fact that real installations can cause more severe
conditions than the standard tests. In Inha et al.,26 it was shown that the tests of EN stan-
dards27–31 for fireplaces and chimneys are not compatible because their flue gas temperature
Table 3. Fires caused by chimneys in Finland during the year 2012 according to reason.8
Fires from chimneys Amount of fires Share of fires (%)
Metal chimney (roof penetration) 38 48
Metal chimney (wall penetration) 18 23
Masonry chimney (minimum safety distance) 12 15
Masonry chimney (damage) 9 11
Spark from a chimney 2 3
Masonry chimney (connection) 1 1
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measurement ranges are different. The exhaust gas temperature is measured near the inter-
section between vertical and horizontal pipes (Tgas1 in Figure 1(a)) and not in the vicinity of
the critical chimney roof penetration. The thermocouples’ positioning on the test structure
was questioned by Neri et al.:23,24 it was shown that higher temperatures are usually mea-
sured on the roof of the test structure, and temperature varies along the vertical direction
depending on the roof layers’ position and the clearance sealing mode.
Although it clearly affects the temperature in the chimney roof penetration,23,24 the clear-
ance sealing mode to be adopted in the installation of a chimney is not specified. Therefore,
in real installations, the temperature in the roof penetration can be higher than that mea-
sured during the certification test. Temperature–time curves measured in experimental
tests23,24 show that the final condition of the heat stress test does not allow approach of the
steady-state temperature; for this, the steady-state temperature should be estimated by
means of the heating curve model presented in Neri et al.25 How to choose data to be ana-
lysed by means of the heating curve model is explained in Neri et al.,25 while the accuracy of
the model was investigated in Neri et al.32 Two numerical models were proposed for calcu-
lating heat transfer between chimney and roof: the condition in the standard tests was repro-
duced by means of a three-dimensional (3D) numerical model,25 while the condition in real
installations was reproduced by means of a two-dimensional (2D) numerical model.32
The critical condition of soot fires, in which deposit of soot on the inner surface ignites,
was studied by Peacock33 by means of 12 tests. Some of the results of the tests are shown in
Table 4. Accumulation of soot was highest when 2733 kg of wood was burned in 1752 h at
an average ambient temperature of 26C. As can be seen in Table 5, the soot fires had rela-
tively short duration and the entire exposure time over which the temperature was over
200C lasted 11–90 min, the average being 36 min.
This article investigates the certification procedure in order to supplement the analysis in
the literature, focusing on some aspects that still have not been treated, to identify the worst
condition in which a chimney may operate.
Figure 1. Test structure: (a) cross-section of the corner test structure, (b) top view of the corner test
structure, (c) thermocouples positioning in the clearance in the corner test structure, (d) axisymmetric
test structure. Dimensions are in millimetres. Dashed lines point out details represented in Figures 2 and 6.
Leppa¨nen et al. 65
Roofs can be made of several layers, such as wooden layer, insulating layer and water
proof layers: their presence and their position in roofs, in the following called roof layers
position, depend on several factors such as the energy class to which the building aspires.
The influence of the position of the layers in the roof and the effect of the clearance sealing
mode, that is, the way of sealing the space between chimney and flammable structure, were
investigated for the condition reproduced in the certification procedure23 and for the condi-
tion that may occur in real installations.24 A direct comparison between these two conditions
has not been proposed yet because the experimental tests presented in the two studies23,24
were performed in different conditions. To complete this analysis, two tests have been per-
formed to investigate the influence of the position of the chimney in the roof: one test has
been performed on the test structure shown in Figure 1(a) representing the one prescribed
by the standard,1 and another test has been performed on the test structure shown in
Figure 1(d) that reproduces real installation conditions where chimneys are installed com-
pletely surrounded by a roof or, however, in a position where they are not affected by the
presence of walls. The dashed lines in Figure 1 surround chimney roof penetrations that are
represented in detail in Figures 2 and 6. Experiments have shown that the exhaust gas tem-
perature drops along the chimney and temperatures measured in the roof penetration are
related to a temperature lower than those measured in the certification.23 To do this, the tests
were performed on a test structure slightly different from that prescribed by the standard1
because the flue pipe between the heat generator and the chimney in the roof penetration
was made up of a vertical tube, while the standard1 prescribes to install a horizontal flue pipe
between them and measure the exhaust gas temperature near the intersection point. To com-
plete this analysis, exhaust gas temperature has been measured in tests performed on the
structure shown in Figure 1, where exhaust gas is conveyed into the chimney by means of
horizontal and vertical flue pipes. The exhaust gas temperature has been measured near the
intersection of the flue pipes, that is, in the position prescribed in the previous study1 and
Table 4. Minimum, average and maximum values of Peacock’s soot fire tests.33
Total wood
burned (kg)
Duration of
build-up (h)
Thickness of
deposit (mm)
Peak gas temperature
in chimney and chimney
connector (C)
Peak gas
temperature
in chimney (C)
Minimum 115 76 3–13 908 754
Average 940 605 9–21 1042 952
Maximum 2733 1752 13–64 1370 1370
Table 5. Duration (minutes) of soot fires in tests performed by Peacock.33
Temperature in chimney (C) Minimum Maximum Average
200 11 90 36
400 8 82 28
600 5 44 19
800 2 18 10
1000 0 8 2
1200 0 3 0
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near the roof penetration point. The difference in exhaust gas temperature measured in the
experiments has been used to simulate how it affects the temperature in the roof. Because
the literature does not explain how to use the heating curve model, this article describes the
steps for estimating the steady-state temperature.
Given that in the literature the majority of the studies analysed the condition in the heat
stress test, in this article, the thermal shock test conditions are analysed: this latter determines
a special fire risk in the case of metal chimneys due to their low thermal capacity. According
to the standard,1 the thermal shock test must be performed from ambient temperature, but
in real installations, a soot fire may occur after an extended period of heating, that is, when
combustible materials’ temperature can be much higher than the ambient temperature. To
investigate this aspect, a soot fire test has been performed from the ambient temperature and
another test has been performed immediately after the heat stress test to ensure a pre-heating
of combustible materials. Also, the exhaust gas temperature measurement point has been
analysed to determine whether the certification procedure is able to ensure an exhaust gas
temperature of 1000C in the penetration point.
Approach to the problem
By means of experimental tests and numerical simulations performed with the numerical
models presented in the previous studies,25,32 the certification procedure has been investi-
gated. The tests were performed mainly according to the standard EN 1859. The tests studied
how the actual installation of the chimneys affects the temperature of combustible materials.
In standard tests, the chimney is tested at a corner. In addition, axisymmetric tests were per-
formed to get better correspondence to the actual installation.
Experimental configuration
The tests consisted of installing a chimney in a test structure, connecting it to an exhaust gas
generator and measuring the temperature of combustible materials in the vicinity of the
Figure 2. Roofs and chimneys installed in the test structures. Configuration R1 has been adopted to
investigate the influence of the chimney position in the roof, R2 the drop in temperature along the chimney
and R3 the thermal shock test initial condition. In the configuration R3, in the clearance an accessory has
also been installed whose characteristics are not shown here. Dimensions are in centimetres.
PIR: polyisocyanurate.
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chimney. The exhaust gas temperature has been measured in the vicinity of chimney roof
penetration. Two types of tests have been performed. The heat stress test used exhaust gas at
a predetermined temperature until the increase in temperature on the test structure was lower
than 2C in 30 min, while in the thermal shock test, the temperature of exhaust gas rose to
1000C in 10 min and was maintained for 30 min. The tests deviated from the EN 18591
standard tests on the positions of the thermocouples and installation of the chimneys. The
characteristics of the experimental tests are listed in Table 6, and each test is identified by an
acronym. The first letter identifies the test structure in which the chimney has been installed:
C states for corner test structure and A for axisymmetric test structure. Then, the type of test
is indicated: HS refers to the heat stress test, SF to the thermal shock test and HSF to a heat
stress test followed by a thermal shock test. The first number in the acronym, when indi-
cated, indicates the exhaust gas temperature in the chimney during the experiments. All the
tests were stopped when the final test conditions defined by the standard1 for the heat stress
test and the thermal shock test were achieved. Four chimneys with an internal diameter of
200 mm were installed in one of the test structures shown in Figure 1, and their characteris-
tics are summarised in Table 6 and in Figure 2. The corner test structure in Figure 1(a)
reproduces the condition in the tests performed according to the EN 18591 standard, where
chimneys are installed in a corner of two roofs and in the vicinity of two walls at right angle,
while the axisymmetric test structure in Figure 1(d) reproduces the conditions that usually
occur in real installations, where chimneys are installed in a position where they are com-
pletely surrounded by a roof and not affected by the presence of vertical walls.
Tests C-HS500 and A-HS500 were performed to highlight the effect of test structure on
the temperatures, and their configuration is identified with R1 in Figure 2. The roof is made
of polyisocyanurate (PIR) with thermal conductivity of 0.025 W/m K, the clearance is
20 mm wide and it has been completely filled with ceramic fibre (128 kg/m3). Tests
C-SF1000-1, C-SF1000-2 and C-HS700 were performed to investigate the influence of the
exhaust gas temperature measurement point in the heat stress test and in the thermal shock
test, and their configuration is identified with R2 in Figure 2. Because the drop in tempera-
ture along the chimney can be affected by the chimney characteristics, the analysis has been
done with two different chimneys installed in a roof similar to the thicker roof prescribed by
the standard.1 In these tests, the temperature of exhaust gas was measured also in the vici-
nity of the penetration of the roof. Because the aim of these tests is the determination of the
drop in temperature along the chimney, the clearance has been sealed in the same way in
order not to change the conditions of the tests. Tests A-SF and A-HSF were performed to
investigate the influence of the initial condition of the thermal shock tests, and their config-
uration is indicated with R3 in Figure 2. In the clearance, a layer of ceramic fibre and an
accessory, whose aim is to reduce the temperature of flammable materials in the vicinity of a
chimney, has been installed. The features of the accessory cannot be specified in detail
because it is under study: the accessory can be described as a metallic casing filled with cera-
mic fibre, and it occupies half clearance, while the other half of the clearance, that is, the
space between the accessory and the roof, is occupied by ceramic fibre. The test was also
used in the development of the accessory. This article does not study the function of the
accessory but does study the effect of the actual installation of chimneys. Because in both
tests the accessory has been installed between chimney and roof, its presence has not affected
the results of the analysis.
The temperatures measured in both tests are lower than the temperatures that would have
been measured without the accessory. A-SF has been performed according to standard,1 that
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is, from the ambient temperature, while A-HSF consisted of an heat stress test with exhaust
gas at 700C followed by a thermal shock test in which the temperature has been raised to
1000C (measured in the roof penetration point) in 10 min and maintained for 30 min.
Temperature measurement and elaboration. In the tests, exhaust gas temperatures and combusti-
ble material temperatures have been measured every 10 s by means of thermocouples of type
K and two data loggers connected to a personal computer (PC). Exhaust gas temperatures
have been measured with a 3-mm sheathed thermocouple. Combustible material tempera-
tures have been measured with a thermocouple wire of 0.5 mm. Type K thermocouples have
an uncertainty of 62.8C for temperatures ranging between 0C and 350C and of 60.75%
for temperatures ranging between 350C and 1260C. The uncertainty of the data logger is
60.02C. Periodic checks performed with heat source at a known temperature guaranteed
the correct functioning of the instrumentation. The uncertainty of the temperatures was
determined as the sum of the uncertainty related to the measuring instruments plus the
uncertainty related to the data elaboration. The temperatures were determined as an average
of data recorded for a certain time interval. The uncertainty has then been calculated as the
sum of the uncertainties of measured data, uncertainty of the data logger and the uncer-
tainty of the thermocouples. Final combustible material temperatures have been determined
as an average of several measurement points, and the related variability has been determined
as the difference between maximum and minimum values. Also, the exhaust gas temperature
in the chimney (Tch) was determined as the average of two values, but in this case, the varia-
bility was calculated as the sum of the two values’ variability.
In the tests performed with the corner test structure, combustible material temperatures
have been measured in the clearance according to the scheme in Figure 1(b) and (c), that is,
by means of thermocouples positioned vertically on the roof and the wall structures. In the
tests performed with the axisymmetric test structure, temperatures have been measured
according to the scheme in Figure 2. The temperature has been measured from the four sides
of the chimney. Final temperatures have been obtained by averaging temperatures related to
homologous points. In this way, five temperatures have been calculated for the axisymmetric
test structure, while for the corner test structure, five temperatures have been obtained for
the roof (sides B and C), and five temperatures for the walls (sides A and D). In tests
C-HS700, C-SF1000-1 and C-SF1000-2, performed to investigate the influence of the
exhaust gas measurement point, the exhaust gas temperature has been measured before and
after the roof penetration (Tgas2 and Tgas3 in Figure 1(a) and (d) and in corner test structure
also at the point prescribed by the standard,1 that is, near the intersection of the horizontal
and the vertical flue pipes (Tgas1 in Figure 1(a)). In tests A-SF and A-HSF, performed to
assess the influence of the thermal shock test initial condition, temperatures have been mea-
sured according to the configuration R3 in Figure 2, that is, at several distances from the
chimney: two rows of thermocouples have been installed on the external surface of the chim-
ney (line A), at the centre of the insulation in the clearance (line B) and on the roof (line C).
Disassembling the setup made it clear that the positioning of the thermocouples was not pre-
cise: for each line, one value has been obtained by averaging these six values.
Heating curve model
The steady-state temperatures reported in the following have been estimated by means of the
heating curve model presented by Neri et al.25 In previous works,24,25,32 this model has also
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been called the lumped element model, but given the condition taken into account in the com-
puting, the former name is more correct. Indeed, thermocouples positioned on combustible
materials are not immersed in a constant ambient temperature because the temperature of
the roof is not uniform or constant in time. In the vicinity of a thermocouple, the tempera-
ture of the roof can be considered as the driving system of the thermocouple temperature.
The temperature does not necessarily reach steady-state temperatures at the penetration
during the tests performed according to the EN 1859 standard.1 The model can be used to
estimate the steady-state temperatures on the basis of the results of the test which have not
yet reached the steady-state temperatures. The advantage of using estimated steady-state
temperatures is that numerical simulations are faster and simpler in steady-state conditions.
Results and discussion
The analysis performed focuses on the influence of the position of the chimney in the roof,
the exhaust gas measurement point and the thermal shock test initial condition, and it has
been done on the basis of data obtained by means of simulations and in the experimental
tests.
Position of the chimney in the roof
The steady-state temperatures estimated in the tests C-HS500 and A-HS500 are compared
in Figure 3: the tests reproduced the conditions in the heat stress test. The estimated tem-
peratures have been used because then it has been possible to compare steady-state tempera-
tures. The temperature does not reach steady-state temperatures at the penetration of the
chimney during the test. Given that test C-HS500 has been performed on the corner test
structure (Figure 1(a)), temperatures on the walls and the roof are reported for it. It can be
noted that on the walls the temperature is more uniform with respect to those measured on
the roof, and this result is in accordance with Neri et al.:23,24 on the walls, thermocouples
have been installed on the same material. Higher temperatures have been measured on the
roof where they can be 40C higher than those measured on the walls. The difference in
Figure 3. Comparison of maximum temperatures estimated with the heating curve model for the tests
C-HS500 and A-HS500. The numbers 1 to 5 represent the thermocouple positions (Figure 2), where 1 is
the top one.
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temperature is due to the fact that the walls offer a lower thermal resistance to heat flow
than the roof. This aspect is confirmed also by the temperature–time curves shown in
Figure 4: the curves related to the walls seem to reach the final test condition before those
measured in the roof given that the slope is lower in the first case. Then, to assess the
achievement of the final test condition, temperatures measured on the roof should be consid-
ered or steady-state temperatures should be estimated with the heating curve model.
By comparing the temperatures estimated with the heating curve model and reported in
Figure 3, and those measured according to the standard1 and reported in Figure 4, the differ-
ence between the temperatures related to the two conditions can be noted: the temperatures
measured at the end of the heat stress test range between 60C and 80C on the walls, and
between 100C and 130C in the roof (except the curve referred to position 1, where the ther-
mocouple was likely not completely covered by insulating material), while the temperatures
estimated by means of the heating curve model range between 70C and 100C on the wall
and between 90C and 150C in the roof. This shows the weaknesses of the final test condi-
tion. The final test condition should be changed, but this would imply long tests; otherwise,
the steady-state temperature should be estimated by means of the heating curve model.
By comparing the temperatures estimated for the corner test structure (C-HS500) and
those for the axisymmetric test structure (A-HS500) in Figure 3, the highest temperature has
been obtained for this latter. This is due to the fact that a chimney completely surrounded
by an insulating slab is a more severe condition than that in the test structure where heat
finds a way out. The difference in temperature between the certification condition and real
installations can be up to 50C and, because self-ignition of wood was recorded also for low
exposure temperature,16–21 this can be a possible cause of the high number of roof fires.
Exhaust gas temperature measurement point
In this section, the tests C-HS700, C-SF1000-1 and C-SF1000-2 have been analysed to inves-
tigate the influence of the exhaust gas temperature measurement point in the certification
procedure. The exhaust gas temperature measured in the point prescribed by the standard,1
that is, near the intersection of the horizontal and the vertical flue pipes (Tgas1 in Figure 1(a))
and Tch obtained as the average of the temperatures measured in the vicinity of the penetra-
tion point (Tgas2 and Tgas3 in Figure 1) are compared.
Figure 4. Temperature–time curves measured on the walls (side B) and the roof (side A) in heat stress
test C-HS500. The positions of thermocouples are shown in Figure 1(c).
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In Figure 5(a), which refers to the heat stress test C-HS700, the exhaust gas temperature
at the chimney roof penetration is between 150C and 200C lower than that measured
according to the standard1 and used to declare the chimney class temperature. The same
occurs in the thermal shock tests: in test C-SF1000-1 shown in Figure 5(b), the maximum
exhaust gas temperature at the chimney roof penetration is about 350C lower than that
measured in the point prescribed by the standard,1 while in test C-SF1000-2 shown in
Figure 5(c), the temperature is 150C lower. It can be stated that the way of measuring the
exhaust gas temperature prescribed by the standard1 does not allow to know the actual tem-
perature in chimney roof penetration during the certification, especially in the thermal shock
test. When the fire safety of the chimney is determined, the essential matter is the tempera-
ture of exhaust gas at the penetration. The standard determined the minimum safety dis-
tance at the penetration. It is not possible to be sure about results of the thermal shock test
because the temperature of exhaust gas in the test can be hundreds of degrees lower than in
the real soot fires. Figure 5(b) and (c) relates to two different chimneys, and a lower drop in
temperature along the chimney has occurred in the second case, that is, for the better-
insulated chimney. This implies that for less-insulated chimneys, the exhaust gas temperature
in the penetration point is lower than in better-insulated chimneys, and this could lead to
lower combustible material temperatures. For all these reasons, the performance of different
chimneys cannot be compared on the basis of the heat stress test and the thermal shock test.
Rather, the exhaust gas temperature should be measured as closely as possible to the roof
penetration, especially in the thermal shock test in which, given the rapidity of execution of
the test, the system is not able to reach a steady-state condition, and the temperature is
much lower than that prescribed by the standard.1
Numerical simulations. The effect of a difference in the exhaust gas temperature on combusti-
ble material temperature has been investigated by means of simulations performed with the
2D numerical model32 because only the exhaust gas temperature has been measured in test
C-HS700. Two sets of simulations have been performed: in one set, the exhaust gas tempera-
ture has been set equal to the value prescribed by the standard,1 that is, 700C in the
Figure 5. Comparison between exhaust gas temperatures measured according to the EN 1859 and in the
vicinity of the roof penetration: (a) C-HS700, (b) C-SF1000-1 and (c) C-SF1000-2. Tests C-HS700 and
C-SF1000-1 have been performed on a 25-mm-thick chimney, and test C-SF1000-2 has been performed on
a 65-mm-thick chimney.
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penetration, and in the other, the exhaust gas temperature has been set equal to 550C, that
is, the temperature measured in the penetration point in the test C-HS700. In the simula-
tions, 25- and 65-mm-thick chimneys made up of mineral wool have been considered. The
simulations have been performed on the configuration R2 in Figure 2, and the 20-mm-width
clearance has been sealed in three different ways: sealed adiabatically, sealed with metal
sheets and filled with insulating material. Clearance sealing modes are shown in Figure 6. A
constant value of the thermal conductivity has been set for the wood (l = 0.013 W/m K)
and steel (l = 15 W/m K), while for the mineral wool in the roof, in the chimney and in the
filling of the clearance, the values reported in Table 7 have been set.
Impact on the temperature in the roof. It has been shown that the exhaust gas temperature mea-
surement point prescribed by the standard1 does not allow correct declaration of the chimney
class temperature, then, by means of simulations, and the effect of this difference on the tem-
perature measured in the penetration point has been investigated.
The maximum temperatures estimated numerically in the penetration point are shown in
Figures 7 and 8. It can be noted that despite the exhaust gas temperature difference of only
150C, the difference in the combustible material temperature is up to 70C for less-insulated
chimneys (Figure 7), while for more-insulated chimneys, the difference in temperature is
about 50C (Figure 8) and 10C (Figure 8). The difference in temperature does not seem to
be affected strongly by the clearance sealing mode.
Thermal shock test initial condition
To investigate the influence of the initial condition of the thermal shock test, the tempera-
tures measured in tests A-SF and A-HSF are compared in Figure 9: test A-SF has been
Figure 6. Clearance sealing modes: (a) sealed with metal sheets, (b) sealed adiabatically and (c) filled with
insulating material.
Table 7. Mineral wool thermal conductivity (W/m K) as function of the temperature (C).34
Temperature (C) 50 100 200 300 400 700
Thermal conductivity (W/m K) 0.035 0.043 0.069 0.079 0.104 0.22
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performed according to the standard,1 that is, from ambient temperature, while test A-HSF
has been performed immediately after the heat stress test, that is, when combustible materi-
als had been already heated. As a reminder, in both tests, in the clearance, an accessory was
installed, and this has probably lowered the temperature of combustible materials. For test
A-HSF, in which the exhaust gas temperature has been raised to 1000C after a heat stress
test, temperature on combustible materials is 10C higher with respect to those measured in
the test performed according to the standard.1 The difference is limited to a few degrees
because the chimney is well-insulated; when performing the test for a less-insulated chimney,
the difference in temperature may be higher. Then, it is recommended to perform the ther-
mal shock test immediately after the heat stress test. This procedure would lead to faster cer-
tification procedure and the outcome of the test would be safer.
Proposal for the new chimney tests
Different European countries have very different building customs. A Finnish house, for
instance, has an insulated ceiling below a ridge roof. In Italy, it is typical that the roof has
Figure 7. Maximum temperature estimated in the roof for different exhaust gas temperature and
clearance sealing mode and 25-mm-thick chimney. Tch is exhaust gas temperature in the roof penetration.
Figure 8. Maximum temperature estimated in the roof for different exhaust gas temperature and
clearance sealing mode and 65-mm-thick chimney. Tch is exhaust gas temperature in the roof penetration.
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been insulated. Furthermore, the insulation thicknesses vary considerably. In Finland, it is
typical to use insulating layers which are even 600-mm high and may be still higher in
energy-saving buildings.
The chimney test should be performed with axisymmetric structure. Temperature mea-
surement should be in the insulation material, not in the wood construction. The insulating
layer of the roof should be higher than 200 mm in the chimney test. The exhaust gas tem-
perature measurement point should be situated in the roof penetration. The thermal shock
test should be performed directly after the heat stress test.
Conclusion
The study highlighted the differences between the conditions in real installations and those
in the thermal performance test prescribed by the standard1 for the certification of chimneys.
It showed that the temperatures measured in the tests performed according to the standard1
can be lower than the maximum temperature that may occur in real installations. This is
mainly due to a weak certification procedure.
Its weaknesses concern the position of the chimney in the test structure, the exhaust gas
measurement point, the maximum temperature measured in the tests and the initial condition
of the thermal shock test. The position of the chimney in test structure, that is, in a corner of
the roof and near two walls, does not represent the worst condition in which a chimney may
operate. In real installations, chimneys are usually completely surrounded by a roof that
offers higher thermal resistance than the walls of the test structure. Then, the chimney should
be installed at the centre of the roof.
The thermocouple’s positioning for the exhaust gas temperature measurement in the ther-
mal performance test does not allow a guarantee of the temperatures prescribed by the stan-
dard1 because exhaust gas temperature is measured far from the chimney roof penetration:
in this latter point, temperatures can be much lower than those prescribed in Standard.1 The
Figure 9. Temperatures measured in the thermal shock test performed according to the EN 1859
standard (A-SF) and after the heat stress test (A-HSF), at several distances from the chimney. Line A is on
the external surface of the chimney, line B is 5 cm from the chimney (at the centre of the insulation in the
clearance) and line C is between the insulation in the clearance and the roof, according to configuration R3
in Figure 2.
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difference in temperature measured according to the standard1 and that measured in the
vicinity of the chimney roof penetration depends on the chimney characteristics; then, the
thermal performance of different chimneys cannot be assessed by means of tests performed
according to the standard.1 The difference in temperature depends also on the way of per-
forming the test. It has been shown that in the thermal shock test, the temperature in the
chimney roof penetration can be about 350C lower than those recommended, while for the
heat stress test the difference was about 150C. Simulations have investigated the effect of
the difference in the exhaust gas temperature on the combustible material temperature. A
difference of 150C in the exhaust gas temperature can vary the temperature of combustible
materials about 70C, and the difference depends on the characteristics of the chimney. For
this, in the certification procedure, the exhaust gas temperature should be measured as
closely as possible to the chimney roof penetration to determine the class temperature of the
chimney correctly, and this is in agreement with Peacock.33
Experimental tests have shown that the initial condition of the thermal shock test does
not reproduce the worst condition in which a chimney may operate. Given that a soot fire
may occur after a certain period of functioning of the heating system, that is, when combusti-
ble materials have already been heated, the thermal shock test should be performed immedi-
ately after the heat stress test. This new way of performing the certification procedure would
be safer and faster. Peacock33 stated that the position where the actual burning of soot occurs
affects the temperatures: by measuring exhaust gas temperatures in the chimney roof pene-
tration, the worst condition that may occur in real installations is taken into account, that is,
a soot fire where chimneys are surrounded by flammable materials.
In this article, the steps to estimate the steady-state temperature with the heating curve
model presented in Neri et al.25 have been reported, and the importance of estimating the
steady-state temperature from temperature–time curves measured in the tests has been
remarked upon.
In conclusion, it has been shown also that a certified chimney could cause a
dangerous overheating of combustible materials in its vicinity. Thus, a new and more strin-
gent chimney certification procedure should be proposed, and all the aspects raised in this
article should be taken into account. However, a deeper analysis of the thermal shock test
should be performed. The influence of the roof characteristics should be investigated to
identify the roofs in the new test structure. For example, the certification procedure should
prescribe different roofs to test chimneys in view of the structure where they will be installed.
In this way, better performance will be required for chimneys to be installed in energy-saving
buildings.
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Heat release caused by the smouldering 
combustion of the binder of rockwool 
3HUWWX/HSSlQHQ0DQXHOD1HULDQG-DUL0lNLQHQ
Summary.5HFHQWO\QXPHURXVILUHVKDYHVWDUWHGLQ)LQODQGDURXQGURRISHQHWUDWLRQVRI
PHWDOFKLPQH\V2QHUHDVRQIRUWKHILUHVLVWKHVPRXOGHULQJFRPEXVWLRQRIWKHELQGHURI
URFNZRROXVHG DW WKH URRISHQHWUDWLRQVRIPHWDO FKLPQH\V7KHFKDUULQJRI WKHELQGHU
SURGXFHV KHDWZKLFK FDQ LQFUHDVH WKH WHPSHUDWXUH LQ WKH SHQHWUDWLRQ WR RYHU  &
7HVWVZKLFKZHUHSHUIRUPHGRQURFNZRROGHPRQVWUDWHWKHKHDWUHOHDVH
.H\ZRUGVVPRXOGHULQJFRPEXVWLRQKHDWUHOHDVH

5HFHLYHG$FFHSWHG3XEOLVKHGRQOLQH

Introduction 
0DQ\ILUHVLQ)LQODQGKDYHVWDUWHGDURXQGPHWDOFKLPQH\URRISHQHWUDWLRQV$FFRUGLQJ
WR/HSSlQHQ¶VVWXG\>@PHWDOFKLPQH\VFDXVHGDQDYHUDJHRIILUHVLQ)LQODQGGXULQJ
±$WKHPDWLF LQYHVWLJDWLRQRI ILUHV VWDUWHG IURP ILUHSODFHV DQG FKLPQH\VE\
+DNDOD>@DW)LQQLVKILUHDQGUHVFXHVWDWLRQVLQ2IWKHILUHVKDGVWDUWHGIURP
ILUHSODFHVDQGIURPFKLPQH\V2IWKHILUHVVWDUWHGIURPFKLPQH\VLQYROYHG
PHWDOFKLPQH\V ,QRI WKHFDVHV LQYROYLQJFKLPQH\V WKH ILUHKDGVWDUWHG IURPD
URRISHQHWUDWLRQDQGLQIURPDZDOOSHQHWUDWLRQRIDPHWDOFKLPQH\7KHSUREOHP
LVUHDOO\VLJQLILFDQWEHFDXVHDFFRUGLQJWR0XUWRNDUH>@WKHVKDUHRIPHWDOFKLPQH\VLQ
)LQODQGLVDERXW,QDGGLWLRQDQLQTXLU\WDUJHWLQJFKLPQH\VZHHSVE\/HSSlQHQDW
DO >@ WRZKLFK  FKLPQH\ VZHHSV IURPGLIIHUHQW SDUWV RI )LQODQG UHVSRQGHG DVNHG
DERXW WKH SUHYDOHQFH DQG ILUH KD]DUGV UHODWHG WR PHWDO FKLPQH\V 'XH WR WKH VPDOO
VDPSOHWKHUHVXOWVZHUHRQO\LQGLFDWLYHEXWFOHDUHQRXJK7KHUHVXOWVRIWKHLQTXLU\DUH
VKRZQLQ7DEOH,QQHZEXLOGLQJVWKHVKDUHRIPHWDOFKLPQH\VZDVDERXW7KH
PDMRULW\RIPHWDOFKLPQH\VLQ)LQODQGDUHOHVVWKDQWHQ\HDUVROG,WLVDODUPLQJWKDWLQ
DSSUR[LPDWHO\RIFKLPQH\VFDXVHGRYHURIDOOFKLPQH\LQGXFHGILUHVLQ
)LQODQG7KHSUREOHPLVPDGHHYHQPRUHVLJQLILFDQWE\WKHIDFWWKDWDOOPHWDOFKLPQH\V
LQ)LQODQGDUHUHODWLYHO\QHZ)LUHVDIHW\SUREOHPVZLWK

&RUUHVSRQGLQJDXWKRUSHUWWXOHSSDQHQ#WXWIL



EULFNPDVRQU\FKLPQH\VDUHPDLQO\GXHWRGHJUDGDWLRQZLWKDJH,QDVWXG\E\,QKDDWDO
>@ RQ WKH ILUH VDIHW\ RI OLJKWZHLJKW PHWDO FKLPQH\V KLJK IOXH JDV WHPSHUDWXUHV RI
VDXQD VWRYHVZHUH IRXQG WR EH RQH FDXVH RI ILUHV2WKHU FDXVHV RI ILUHV DUH WKH KLJK
WKLFNQHVV RI URRI SHQHWUDWLRQ RI WKH FKLPQH\ DQG WKH VPRXOGHULQJ FRPEXVWLRQ RI WKH
ELQGHURIURFNZRROXVHGDVDQLQVXODWRUIRUWKHFKLPQH\LWVHOIDQGDVDQLQVXODWRUIRUWKH
URRISHQHWUDWLRQRIWKHFKLPQH\

7DEOH6KDUHVRIGLIIHUHQWFKLPQH\W\SHVRIDOOWKHFKLPQH\VRIWKHUHVLGHQWLDOEXLOGLQJVRIWKH
ZKROHEXLOGLQJVWRFNLQ)LQODQGDWGLIIHUHQWSHULRGV>@
1980's 1990's 2000's 2010's
Range 1 to 13 % 3 to 13 % 4 to 20 % 4 to 20 %
Average 5 % 7 % 10 % 11 %
Range 0 to 10 % 0 to 15 % 1 to 25 % 1 to 50 %
Average 3 % 7 % 12 % 16 %
Range 85 to 99 % 80 to 95 % 60 to 92 % 40 to 90 %
Average 92 % 87 % 77 % 73 %
Metal chimney
Block chimney
Masonry chimney

7KHREMHFWLYHRIWKHVWXG\ZDVWRDOORFDWHWKHKHDWUHOHDVHGIURPWKHFKDUULQJRIWKH
ELQGHURIURFNZRRODQGWRFUHDWHDPRGHORIKHDWUHOHDVH)XUWKHUPRUHWKHREMHFWLYHZDV
WRHVWLPDWHLIILUHVDIHW\RIFKLPQH\URRISHQHWUDWLRQFRXOGEHHQVXUHGE\DSSO\LQJWKH
PRGHOSURGXFHG
Smouldering combustion and heat release 
6PRXOGHULQJ LV D ÀDPHOHVV FRPEXVWLRQ WKDW VSUHDGV DW YHU\ ORZ YHORFLW\ LQ SRURXV
PHGLXP RU LQ ¿EHUERDUGV DQG LW LV FKDUDFWHUL]HG E\ KHDW UHOHDVH ,W KDV EHHQ ZLGHO\
LQYHVWLJDWHG EHFDXVH LW LV RQH RI WKH FDXVHV RI ¿UH GHDWKV >@ LQGHHG DV LW RFFXUV
ÀDPHOHVVLWLVQRWSURPSWO\LGHQWL¿HG7KLVOHDGVWRIXUWKHUSURSDJDWLRQRIFRPEXVWLRQ
DQGWKHSURGXFWLRQRIWR[LFJDV+HDWDQGPDVVWUDQVIHUÀXLGÀRZDQGFKHPLFDOUHDFWLRQ
KDYHWREHWDNHQLQWRDFFRXQWLQWKHVWXG\RIWKHVPRXOGHULQJSURFHVV
6PRXOGHULQJSURFHVVLVFKDUDFWHUL]HGE\WZRSKHQRPHQDS\URO\VLVDQHQGRWKHUPLF
UHDFWLRQ WKDW UHTXLUHV ORZ R[\JHQ FRQFHQWUDWLRQ DQG EHJLQV DW DERXW  & DQG
R[LGDWLRQ DQ H[RWKHUPLF UHDFWLRQ ,Q VPRXOGHULQJ SURFHVVHV WHPSHUDWXUHV UDQJLQJ
EHWZHHQ  DQG  &ZHUHPHDVXUHG LQ WKH UHDFWLRQ DUHD 7KHPHGLXP KDV WR EH
SRURXV WR DOORZ WKH ÀRZ RI R[\JHQ WRZDUG WKH UHDFWLRQ ]RQH E\ GLIIXVLRQ DQG
FRQYHFWLRQ7KHVPRXOGHULQJSURFHVVLVDIIHFWHGE\KHDWORVVHVDQGR[\JHQVXSSO\UDWHV
>  @ 7KH LQLWLDWLRQ RI VPRXOGHULQJ SURFHVV LV GRPLQDWHG E\ WKH R[LGDWLRQ RI WKH
PHGLXP DQG FDQ RFFXU ZKHQ HQRXJK HQHUJ\ LV DYDLODEOH IRU H[DPSOH VXSSOLHG E\
H[WHUQDOEXUQLQJ
2QFHVWDUWHGWKHVPRXOGHULQJSURFHVVLVFKDUDFWHUL]HGE\WKHWKUHH]RQHVUHSUHVHQWHG
LQ)LJXUHD]RQHQHDUWRWKHKHDWVRXUFHZKLFKKDVDOUHDG\XQGHUJRQHWKHVPRXOGHULQJ
SURFHVVDQGFKDUKDVEHHQIRUPHGD]RQHLQZKLFKWKHSURFHVVLVEHLQJGHYHORSHGDQG
DWKLUG]RQHIDUIURPWKHKHDWVRXUFHLQZKLFKWKHSURFHVVKDVQRW\HWRFFXUUHG7KHIDFW
WKDW D VPRXOGHULQJ SURFHVV EHJLQV GRHV QRW JXDUDQWHH WKDW WKH SURFHVV ZLOO FRQWLQXH


6WDEOHSURFHVVRFFXUVIRUSDUWLFXODUUDWHVRIDLUÀXHUDWLR>@DQGDPLQLPXPWKLFNQHVV
RI WKH SRURXV PDWHULDO >@ ,QGHHG WKH PDWHULDO PXVW VHUYH DV D KHDW LQVXODWRU WR
SUHYHQWKHDWUHOHDVHIURPWKHUHDFWLRQWRWKHHQYLURQPHQW>@

)LJXUH5HSUHVHQWDWLRQRIVPRXOGHULQJSURFHVVZKHUH7VLVWKH
VRXUFHWHPSHUDWXUHDQG7HQYLVHQYLURQPHQWWHPSHUDWXUH
'HSHQGLQJRQWKHGLUHFWLRQRIR[\JHQÀRZWZRNLQGVRIVPRXOGHULQJSURFHVVKDYH
EHHQLGHQWL¿HGWKHIRUZDUGRQHDQGEDFNZDUGRQH(YHQWKRXJKWKH\FDQFRH[LVWRQH
LV DOZD\V SUHGRPLQDQW ,W LV LPSRUWDQW WR XQGHUVWDQG WKH VPRXOGHULQJ SURFHVV W\SH
EHFDXVHHDFKRQHXQGHUJRGLIIHUHQWKHDWDQGPDVVWUDQVIHUSURFHVVHV>@
,QIRUZDUGVPRXOGHULQJWKHUHDFWLRQIURQWPRYHVLQWKHVDPHGLUHFWLRQRIWKHR[\JHQ
ÀRZDQGPDQ\ VWXGLHV KDYH EHHQ SHUIRUPHGRQ LW )RU H[DPSOH >@ LQYHVWLJDWHG RQ
ZKLFK FRQGLWLRQ WKH SURFHVV EHJLQV >@ LQYHVWLJDWHG WKH FRQGLWLRQV WKDW DOORZ D
FRQVWDQW SURFHVV >@ DQDO\]HG VPRXOGHULQJ ZLWK LJQLWLRQ DQG VPRXOGHULQJ ZLWKRXW
LJQLWLRQVHSDUDWHO\7KLVSURFHVVZDVDOVRPRGHOHGQXPHULFDOO\E\VRPHDXWKRUVDPRQJ
ZKLFK>@
,Q EDFNZDUG VPRXOGHULQJ WKH R[\JHQ PRYHV WKURXJK WKH XQEXUQHG ]RQH WR WKH
UHDFWLRQ ]RQH 'RVDQMK DW DO >@ VWDWHG WKDW VWHDG\ SURSDJDWLRQ RI WKH SKHQRPHQRQ
RFFXUV LI WKH KHDW UHOHDVH LV HQRXJK WR KHDW WKH DLU HQWHULQJ WKH PHGLXP $ UHODWLRQ
EHWZHHQWKHYHORFLW\RISURSDJDWLRQDQGWKHPHGLXPWKLFNQHVVZDVIRXQGE\>@ZKLOH
>@ IRXQG D UHODWLRQ FRUUHODWLRQ EHWZHHQ WKH KHDW UHOHDVH DQG WKH R[\JHQ UDWH
6WXGLHVZHUHSHUIRUPHGWRFRPSDUHWKHWZRNLQGVRISURFHVVHV>@
,QDGGLWLRQWRH[SHULPHQWDOWHVWVPRGHOVRIWKHVPRXOGHULQJSURFHVVFDQEHIRXQGLQ
WKHOLWHUDWXUH>@
'HVSLWHVPRXOGHULQJEHLQJZLGHO\LQYHVWLJDWHGWKH(XURSHDQ¿UHFODVVL¿FDWLRQGRHV
QRWGH¿QHFRQVWDQW VPRXOGHULQJFRPEXVWLRQ)RU WKLV WKH ,QVWLWXW IXU%UDQGWHFKQROJLH
*PE+ LQYHVWLJDWHG WKH SKHQRPHQRQRQ EXLOGLQJPDWHULDOV XVLQJ WKH6%, WHVWPHWKRG
>@ ,Q WKH VWXG\ HGLWHG 6%, WHVWV ZHUH SHUIRUPHG +HPS URFNZRRO LQVXODWRUV
PHODPLQH UHVLQ IRDP´%DVRWHFW´ SRO\XUHWKDQH IRDPDQG JODVVZRROZHUH XVHG DV WHVW
PDWHULDOV LQWKHWHVWVSHUIRUPHG7KH6%, WHVWZDVFKRVHQDVD WHVWPHWKRGEHFDXVHLQ
RWKHU(XURSHDQWHVWPHWKRGV WKHVL]HRI WKHVSHFLPHQLVVRVPDOO WKDW LW LVGLIILFXOW WR
SHUFHLYHFRQVWDQWVPRXOGHULQJFRPEXVWLRQ,QWKHWHVWSHUIRUPHGFRQVWDQWVPRXOGHULQJ
FRPEXVWLRQ ZDV QRW LGHQWLILHG LQ WKH URFNZRRO LQVXODWRU ´7HUYRO 373´ ZKLFK KDG D
ELQGHUFRQWHQWRI&RQVWDQWVPRXOGHULQJFRPEXVWLRQZDVORFDWHGLQDVPDOODUHD
RQ WKHVXUIDFHRI WKHVSHFLPHQRI URFNZRRO LQVXODWRU´5KLQR[´ZKLFKKDG WKHKLJKHVW
ELQGHUFRQWHQW+RZHYHUFRQVWDQWVPRXOGHULQJFRPEXVWLRQGLGQRWRFFXULQD
ZLGHUDUHDRQ WKHSDUWVXUIDFH&RQVWDQWVPRXOGHULQJFRPEXVWLRQZDVQRWREVHUYHG LQ


WKHURFNZRROLQVXODWRU.RUWIIZKLFKKDGDQDYHUDJHELQGHUFRQWHQWRI
,QKDDWDOVWXG\ILUHVDIHW\RIPHWDOFKLPQH\V>@7KH\FDUULHGRXWWHVWVWRWKHPHWDO
FKLPQH\V,QWKHWHVWVDPHWDOFKLPQH\ZDVFRQQHFWHGWRDVDXQDVWRYH7KHVDXQDVWRYH
ZDVKHDWHGVWURQJO\WRSURGXFHKRWIOXHJDVHV5RFNZRROLQVXODWRUZDVLQVWDOOHGDURXQG
WKH PHWDO FKLPQH\ LQ HIIRUW WR UHSUHVHQW WKH SHQHWUDWLRQ RI D URRI  7KH WHVWV ZHUH
SHUIRUPHG ZLWK GLIIHUHQW WKLFNQHVVHV RI URRI 7KH WKLFNQHVVHV XVHG LQ WKH WHVWV ZHUH
PP PP PP DQG PP$ GLDJUDP RI WKH WHVW VWUXFWXUH LV VKRZQ LQ
)LJXUH'XULQJWKHVWXG\LWZDVQRWLFHGWKDWDKLJKHUURRIWKLFNQHVVOHGWRKHDWEHLQJ
DFFXPXODWHGLQWKHPLGGOHSDUWRIWKHSHQHWUDWLRQ7HPSHUDWXUHVLQWKHSHQHWUDWLRQZLWK
GLIIHUHQW WKLFNQHVVHV RI URRI DW D GLVWDQFH RI PP IURP WKH FKLPQH\ DUH
GHPRQVWUDWHGLQ)LJXUH0RPHQWDU\ULVHRIWHPSHUDWXUHFDQEHQRWLFHGLQWKHPP
DQGPPURRIWKLFNQHVVHV7KHULVHRIWKHWHPSHUDWXUHLVGXHWRKHDWEHLQJUHOHDVHG
IURPWKHFRPEXVWLRQRIWKHELQGHURIURFNZRRO+HDWUHOHDVHRFFXUUHGHVSHFLDOO\LQKLJK
URRI WKLFNQHVVHV+HDW UHOHDVHFHDVHV WRDSSHDUDIWHUDOORI WKHELQGHURI URFNZRROKDV
EHHQEXUQW+HDWUHOHDVHZDVFOHDUO\UHFRJQL]HGZKHQWZRWHVWVZHUHFDUULHGRXWRQWKH
VDPHVWUXFWXUH,QWKHVHFRQGWHVWWKHWHPSHUDWXUHVDWWKHSHQHWUDWLRQZHUHFRQVLGHUDEO\
ORZHU WKDQ LQ WKH ILUVW WHVW 7KH WHPSHUDWXUHV GXULQJ WKH WHVWV  DQG  DUH VKRZQ LQ
)LJXUH


)LJXUH([DPSOHRIWKHWHVWDVVHPEO\'LPHQVLRQVLQPLOOLPHWHUV



)LJXUH7HPSHUDWXUHVDWSHQHWUDWLRQZLWKPPGLVWDQFHIURPWKHVXUIDFHRIWKHFKLPQH\
DQGURRIWKLFNQHVVHVRIPPWRPP

)LJXUH7HPSHUDWXUHVDWSHQHWUDWLRQZLWKPPGLVWDQFHIURPWKHVXUIDFHRIWKHFKLPQH\LQ
WHVWVDQG


Experimental Results 
$WHVWVHULHVZDVSHUIRUPHGLQWKHVWXG\ZKLFKVWXGLHGWKHKHDWUHOHDVHFDXVHGE\WKH
FKDUULQJRI WKHELQGHURI URFNZRRO:KHQ WKH WHPSHUDWXUHRI WKH HOHFWULF IXUQDFHZDV
VWDELOL]HGDWWKHGHVLUHGWHPSHUDWXUHDURFNZRROVODEWKLFNQHVV[PPZDVLQVWDOOHG
LQDKROHLQWKHZDOORIWKHIXUQDFH7KHWHPSHUDWXUHRIWKHURFNZRROVODEZDVPHDVXUHG
IURP WKH FURVV VHFWLRQZLWK PP VSDFHV EHWZHHQPHDVXUHPHQW SRLQWV 7KH IDFH RI
URFNZRROVODEIDFLQJWKHIXUQDFHZDVFRYHUHGZLWKDOXPLQXPIRLOWRSUHYHQWFRQYHFWLRQ
DQGUDGLDWLRQ7KHVSHFLPHQEHIRUHWHVWLQJLVVKRZQLQ)LJXUH7HVWDUUDQJHPHQWDQG
PHDVXUHPHQW RI WHPSHUDWXUH LV VKRZQ LQ )LJXUH 7KH WHVW VSHFLPHQ LQVWDOOHG LQ WKH
ZDOO RI WKH IXUQDFH LV VKRZQ LQ )LJXUH  7KH WHVWV ZHUH SHUIRUPHG ZLWK IXUQDFH
WHPSHUDWXUHV RI  &  &  &  & DQG  & $ VHFRQG WHVW ZDV
SHUIRUPHGRQWKHVSHFLPHQVDWWKHVDPHWHPSHUDWXUHV7KHGHYHORSPHQWRIWHPSHUDWXUHV
ZLWKRXW KHDW UHOHDVH IURP WKH EXUQLQJ ELQGHU RI URFNZRRO ZDV REVHUYHG GXULQJ WKH
VHFRQGWHVW
 
)LJXUH7HVWVSHFLPHQEHIRUHWKHWHVWV )LJXUH7HVWDUUDQJHPHQWDQGPHDVXUHPHQW
RIWHPSHUDWXUH'LPHQVLRQVLQPLOOLPHWHUV

)LJXUH7HVWVSHFLPHQLQVWDOOHGLQWKHZDOORIWKHIXUQDFH


+HDWUHOHDVHIURPWKHEXUQLQJRIWKHELQGHURIURFNZRROZDVREVHUYHGFOHDUO\GXULQJ
WKH WHVWV:KHQ WKH WHPSHUDWXUH RI WKH IXUQDFHZDV  & WKH KLJKHVW WHPSHUDWXUHV
ZHUH UHDFKHG IRU DERXW  PLQXWHV $IWHU WKLV WKH WHPSHUDWXUHV GHFUHDVH ,QVLGH WKH
VSHFLPHQ WHPSHUDWXUHV UHDFKHG ZHUH KLJKHU WKDQ LQ WKH IXUQDFH 7KH WHPSHUDWXUHV
ZLWKLQ WKH FURVV VHFWLRQ RI URFNZRRO DUH VKRZQ LQ )LJXUH  7KH GLIIHUHQFH EHWZHHQ
WHPSHUDWXUHV PHDVXUHG LQ WHVWV  DQG  ZDV QHDUO\  & DW WKH KLJKHVW 7KH
WHPSHUDWXUHVZHUHPHDVXUHGPPIURPWKHIXUQDFH7KHGLIIHUHQFHVLQWHPSHUDWXUHV
ZLWKLQ WKH LQVXODWRU PP IURP WKH IXUQDFHPHDVXUHGEHWZHHQ WKH ILUVW DQG VHFRQG
WHVWVZLWKIXUQDFHWHPSHUDWXUHDW&LVVKRZQLQ)LJXUH
7KHKLJKHVWWHPSHUDWXUHVREVHUYHGDWGLIIHUHQWGLVWDQFHVLQWHVWVDQGWKHGLIIHUHQFHVRI
WKHKLJKHVWWHPSHUDWXUHVZLWKWKHIXUQDFHWHPSHUDWXUHDW&WR&DUHVKRZQLQ
WKH7DEOH ,WFDQEHFRQFOXGHGIURP7DEOHWKDW WKHKHDWUHOHDVHLVQRWYHU\KLJKDW
IXUQDFHWHPSHUDWXUHVEHORZ&


)LJXUH7KHFKDUULQJRIWKHELQGHURIURFNZRROFDXVHVDPRPHQWDU\WHPSHUDWXUHULVHLQVLGHWKH
URFNZRRO



)LJXUH'LIIHUHQFHVLQWKHWHPSHUDWXUHVREVHUYHGZLWKLQWKHLQVXODWRUPPIURPWKHIXUQDFH
EHWZHHQWKHILUVWDQGVHFRQGWHVWZKHQWKHWHPSHUDWXUHRIWKHIXUQDFHZDV&
7DEOH7KHKLJKHVWWHPSHUDWXUHVDWGLIIHUHQWGLVWDQFHVLQWHVWVDQGGLIIHUHQFHVRIWKHKLJKHVW
WHPSHUDWXUHVZKHQIXUQDFHWHPSHUDWXUHZDV&WR&,QWHVWKHDWLVUHOHDVHGDQGLQ
WHVWKHDWLVQRWUHOHDVHG
)XUQDFH
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
7KHWHVWVZHUHDOVRSHUIRUPHGRQGLIIHUHQW WKLFNQHVVHVRIURFNZRROOD\HUVPP
 PP  PP  PP  PP DQG  PP 7KH WHPSHUDWXUHV ZLWKLQ WKH
URFNZRROPPIURPWKHIXUQDFHGXULQJGLIIHUHQWWHVWVDUHVKRZQLQ)LJXUH'XULQJ
WKHWHVWVWKHWHPSHUDWXUHRIWKHIXUQDFHZDV&7KHKLJKHVWWHPSHUDWXUHVPHDVXUHG
LQWKHWHVWVDWGLIIHUHQWGLVWDQFHVIURPWKHIXUQDFHDUHVKRZQLQ7DEOH



)LJXUH7HPSHUDWXUHVLQURFNZRROPHDVXUHGPPIURPWKHIXUQDFH6SHFLPHQWKLFNQHVV
ZDVPPWRPPDQGIXUQDFHWHPSHUDWXUH&
,WFDQEHQRWLFHGIURP)LJXUHWKDWKHDWUHOHDVHKDVWKHKLJKHVWHIIHFWZLWKPP
WKLFNQHVVRI URFNZRRO7KHELQGHUEXUQVPRUH VORZO\ LQ WKLFNHU URFNZRRO OD\HUV7KH
IDFW WKDW WKH DPRXQW RI DLU UHTXLUHG IRU FRPEXVWLRQ GRHV QRW HIIHFWLYHO\ SHQHWUDWH WKH
WKLFNHULQVXODWRUOD\HULVSUREDEO\DQH[SODQDWLRQKHUH+RZHYHUZLWKWKLQQHULQVXODWLRQ
WKDQPP WKHDPRXQWRIKHDW UHTXLUHGIRUFRPEXVWLRQGRHVQRWDFFXPXODWH LQ WKH
URFNZRRO

7DEOH7KHKLJKHVWWHPSHUDWXUHVDWGLIIHUHQWGLVWDQFHVLQWHVWVZKHQWKHWKLFNQHVVRIURFNZRRO
ZDVPPWRPP
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


+LJKHU WKDQ DVVXPHG WHPSHUDWXUHV LQ WKH URRISHQHWUDWLRQ IRU WKHFKLPQH\PD\ LJQLWH
VXUURXQGLQJVWUXFWXUHV7KHLJQLWLRQWHPSHUDWXUHRIZRRGLVQRWDSK\VLFDOTXDQWLW\EXW
GHSHQGV RQ FRQGLWLRQV %DEUDXVNDV DW DO >@ IRXQG WKDW XQGHU VKRUWWHUP H[SRVXUH
PLQXWHV WRD IHZKRXUV WKH LJQLWLRQ WHPSHUDWXUHRIZRRG LVDERXW&EXWXQGHU
ORQJWHUP H[SRVXUH LW FDQ EH FRQVLGHUDEO\ ORZHU DV ORZ DV  &0DWVRQ DW DO >@
PDGHDFRPSUHKHQVLYHVWXG\RIZRRGLJQLWLRQWHPSHUDWXUHVLQFOXGLQJWHVWVRQGLIIHUHQW
ZRRG VSHFLHV 7KH\ SUHVHQWHG D FRPSLODWLRQ RI H[SHULPHQWDO WHVWV ZKHUH LJQLWLRQ
WHPSHUDWXUHVZHUHDURXQG&RUKLJKHUEXWXQGHUORQJWHUPH[SRVXUHWKHLJQLWLRQ
WHPSHUDWXUHVZHUH VLJQLILFDQWO\ ORZHUHJE\VWHDPSLSHV8QGHU VKRUWWHUPH[SRVXUH
WKH&WHPSHUDWXUHOLPLWZRXOGVHHPWRKROGEXWLQORQJHUH[SRVXUHWLPHVFHUWDLQW\
GHFUHDVHV ,Q VRPH LQVWDQFHV WKH H[SRVXUH WLPHV RI FKLPQH\V PD\ EH TXLWH ORQJ
HVSHFLDOO\ZKHQWKHFKLPQH\SDVVHVWKURXJKHIILFLHQWWKHUPDOLQVXODWLRQ
Computational Modeling 
,Q WKLV VHFWLRQ WKH KHDW UHOHDVHPRGHO LV JHQHUDWHG0HDVXUHPHQW LV NH\ IDFWRU ZKHQ
FRQVWUXFWLQJWKHKHDWUHOHDVHPRGHO7LPHGHSHQGHQWRQHGLPHQVLRQDOKHDWFRQGXFWLRQ
HTXDWLRQIRUWKHURFNZRROUHDGV
          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
ZKHUH U  LV GHQVLW\ RI URFNZRRO NJP FS LV WKH VSHFLILF KHDW -NJ&   7 W [  LV
WHPSHUDWXUH GHSHQGLQJ RQ WKH VSDWLDO FRRUGLQDWH [  P DQG WLPH W  V  7O  LV WKH
WHPSHUDWXUHGHSHQGHQWWKHUPDOFRQGXFWLYLW\:P&DQG   T W [ LVWKHUDWHRILQWHUQDO
KHDWJHQHUDWLRQ:P,QFRPSXWDWLRQVDV WKH LQLWLDOFRQGLWLRQ WKH WHPSHUDWXUH ILHOG
  7 W [  ZDV VHW WR FRQVWDQW YDOXH & DQG WKH ERXQGDU\ FRQGLWLRQV ZDV
    &7 W [  q  DQG   PP &7 W [   q  7KH WHPSHUDWXUH ILHOG   7 W [  RI
URFNZRRO LV VKRZQ LQ )LJXUH  5DGLDWLRQ KHDW WUDQVIHU LVPRGHOHG LQ WKH VR FDOOHG
RSWLFDOO\WKLFNOLPLWZKHUHWKHUDGLDWLYHIOX[LVSURSRUWLRQDOWRWKHWHPSHUDWXUHJUDGLHQW
>@([SORLWHGYDOXHVRIFRQGXFWLYLW\  7O DUHVKRZQLQ7DEOH
:KHQWHPSHUDWXUH ILHOG7W[ LVNQRZQE\PHDVXUHPHQWV WKHKHDWUHOHDVHFDQEH
VROYHGJLYLQJ
        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w w O Uw w

  
ZKHUHGHULYDWLYHVFDQEHDSSUR[LPDWHGE\GLIIHUHQFHIRUPXODV7KHKHDWUHOHDVH   T W [ 
RI WKHURFNZRROGXULQJ WKHILUVWKHDWLQJ LV LOOXVWUDWHG LQ WKH)LJXUHVKRZLQJ W\SLFDO
QXPHULFDO RVFLOODWLRQV GXH WR WKH GLIIHUHQFH IRUPXODV +RZHYHU WKH ELJJHVW SHDN
LQGLFDWHVKHDWUHOHDVHFDXVHGE\VPRXOGHULQJFRPEXVWLRQ




)LJXUH0HDVXUHGWHPSHUDWXUHILHOGRIWKHURFNZRROWKHZRROZLGWKLVPPDQGWKH
WHPSHUDWXUHRIWKHIXUQDFHZDV&
7DEOH3URSHUWLHVRIURFNZRROU LVGHQVLW\FSLVWKHVSHFLILFKHDWFDSDFLW\WKHFRQGXFWLYLW\
 7O LVOLQHDUO\LQWHUSRODWHGEHWZHHQJLYHQSRLQWV
 
U  NJP
FS -NJ&
ȜÛ& :P&
ȜÛ& :P&
ȜÛ& :P&
ȜÛ& :P&
ȜÛ& :P&
ȜÛ& :P&
ȜÛ& :P&
ȜÛ& :P&
 



)LJXUH+HDWUHOHDVHRIURFNZRROXQGHUWKHILUVWKHDWLQJDIWHUHTXDWLRQ
+HDWUHOHDVH   T W [ FDQEHHVWLPDWHGE\SLHFHZLVHDSSUR[LPDWLRQJLYHQLQ)LJXUH
7KH PD[LPXP YDOXH RI WKH KHDW UHOHDVH TPD[   N:P LV DW WKH WLPH VSDQ
«PLQDWPPIURPWKHIXUQDFHVXUIDFH

)LJXUH+HDWUHOHDVHVLPSOLILFDWLRQ


$IWHUZDUGVZKHQWKHKHDWUHOHDVHDSSUR[LPDWLRQLVNQRZQ)LJXUHWKHKHDWHTXDWLRQ
FDQEHVROYHGQXPHULFDOO\E\0$7/$%ZLWKSGHSHIXQFWLRQ7KHWHPSHUDWXUHILHOG
RI WKH URFNZRRO   7 W [  LV VKRZQ LQ )LJXUH  LQGLFDWLQJ UHODWLYHO\ JRRG ILWWLQJ WR
PHDVXUHPHQWV 7KH ILWWLQJ FDQ EH LPSURYHG E\ LQFOXGLQJ WKH SRVVLEOH HQGRWKHUPLF
UHDFWLRQ QHJDWLYHKHDW UHOHDVH LQ IURQWRI VPRXOGHULQJ FRPEXVWLRQ DUHD WKHGLVWDQFH
IURP«PP

)LJXUH&RPSXWHGWHPSHUDWXUHRIWKHURFNZRRO   7 W [ ZLWKWKHKHDWUHOHDVHDSSUR[LPDWLRQ
DFFRUGLQJWR)LJXUH
Conclusions 
7KH WHPSHUDWXUH LQ WKH FKLPQH\V URRI SHQHWUDWLRQ LV VLJQLILFDQWO\ DIIHFWHG E\ WKH
VPRXOGHULQJFRPEXVWLRQRIURFNZRROELQGHU7KHSKHQRPHQRQLVDWLWVZRUVWZKHQLWLV
EHHQDWWKHULVNOLPLWVLQWKHWHPSHUDWXUHV$WWKHURRISHQHWUDWLRQHYHQDVPDOOULVHLQ
WHPSHUDWXUHFDQFDXVH LJQLWLRQ LI WKH WHPSHUDWXUH LVDOUHDG\QHDU LJQLWLRQ WHPSHUDWXUH
%HFDXVH WKH EXUQLQJ RI WKH ELQGHU UHOHDVHV KHDW DQG UDLVHV WHPSHUDWXUH LW HVVHQWLDOO\
FDXVHV WKH VLWXDWLRQ WR JHW ZRUVH 7KH FRQVHTXHQFH PD\ EH DQ HVFDODWLRQ RI
WHPSHUDWXUHV
1XPHULFDOVWXG\RIWKHKHDWHTXDWLRQGLVFRYHUVWKHORFDWLRQDQGWLPHPRPHQWZKHUH
WKHKHDWUHOHDVHKDVDVLJQLILFDQWHIIHFWRQWKHWHPSHUDWXUHILHOG7KHUHVXOWRIQXPHULFDO
PRGHOLQJ SURYLGHV WKH KHDW UHOHDVH IXQFWLRQ RQ WLPH DQG SRVLWLRQ +RZHYHU D PRUH
LQYROYHG VPRXOGHULQJ FRPEXVWLRQ PRGHO QHHG WR EH VWXGLHG LQ RUGHU WR SUHGLFW
WHPSHUDWXUHSHDNLQURFNZRROLQJHQHUDOFDVH


Financing 
7KH)LUH3URWHFWLRQ)XQGRI)LQODQGKDVSURYLGHGIXQGLQJIRU3HUWWX/HSSlQHQ¶VZRUN


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